t 

•V 


\ 

'«•  \ 


i  • 


METHODS  IN 
MEDICAL  RESEARCH 
Volume  3 


METHODS  IN  MEDICAL  RESEARCH 


1 


VOLUME  1 

VAN  R.  POTTER,  Editor-in-Chief 

Assay  of  Antibiotics,  Henry  Welch,  Editor 
Circulation — Blood  Flow  Measurement,  Harold  D.  Green,  Editor 
Selected  Methods  in  Gastroenterological  Research,  A.  C.  Ivy,  Editor 
Cellular  Respiration,  Van  R.  Potter,  Editor 

V  O  L  U  M  E  2 

JULIUS  H.  COMROE,  Jr.,  Editor-in-Chief 

Methods  of  Study  of  Bacterial  Viruses,  Mark  H.  Adams,  Editor 
Pulmonary  Function  Tests,  Julius  H.  Comroe,  Jr.,  Editor 
Assay  of  Hormonal  Secretions,  Eleanor  H.  Venning,  Editor 


METHODS  IN 

Medical  Research 


GOVERNING  BOARD 

Irvine  H.  Page,  Chairman ;  A.  C.  Ivy,  Colin  M.  MacLeod, 
Carl  F.  Schmidt,  Eugene  A.  Stead,  David  L.  Thomson 


Volume  3 

RALPH  W.  GERARD,  Editor-in-ChieJ 

genetics  of  micro  organisms,  5.  E.  Luria,  Editor 
assay  of  neurohumors,  J.  H.  Gaddum,  Editor 
SELECTED  PSYCHOMOTOR  MEASUREMENT  METHODS, 

Walter  Ji.  Miles ,  Editor 

METHODS  FOR  STUDY  OF  PEPTIDE  STRUCTURE,  Choll  H(iO  Li,  Editor 


THE  YEAR  BOOK  PUBLISHERS,  INC. 


200  EAST  ILLINOIS  STREET,  CHICAGO 


COPYRIGHT  1950  BY  THE  YEAR  BOOK  PUBLISHERS,  INC. 


£  ’'rw  hi 


RI-MYSORE 


CF 


3537 

Methods  in  medic 


PRINTED  IN  U.S.A. 


PREFACE 


This  series  of  volumes  is  devoted  to  methods  and  techniques,  and 
there  were  three  main  bases  for  our  opinion  that  such  a  series 
might  be  useful.  In  the  first  place,  while  the  results  of  investigation 
are  constantly  subject  to  critical  review,  it  is  less  easy  to  find 
collected  anywhere  an  appraisal  and  discussion  of  the  various 
methods  that  have  been  proposed  for  the  solution  of  some  experi¬ 
mental  problem.  In  the  second  place,  it  has  (especially  in  physiol¬ 
ogy)  become  difficult  to  secure  publication  of  a  paper  dealing 
solely  with  a  technique,  or  even  to  include  an  adequate  description 
of  the  technique  in  a  paper  describing  the  results  obtained.  Third, 
it  often  happens  that  a  method  is  modified  and  improved  in  con¬ 
tinued  use,  either  in  the  laboratory  whence  it  originated  or  else¬ 
where,  and  such  useful  modifications  find  their  way  into  print, 
if  at  all,  only  as  brief  and  scattered  indications,  and  are  to  a  great 
extent  diffused  by  the  uncertain  process  of  personal  communi¬ 


cation. 

\  olumes  1  and  2  met  with  a  reception  cordial  enough  to  assure 
us  that  our  confidence  in  these  reasons  for  launching  this  series 
was  not  misplaced.  We  hope  also  that  we  have  learned  lessons,  and 
that  this  volume  and  its  successors  will  be  still  more  warmly  wel¬ 
comed.  The  value  of  the  whole  series  will  increase  as  a  widening 
field  is  gradually  covered. 

Each  volume  is  divided  into  three  to  five  principal,  self-contained 
sections,  each  representing,  for  that  volume,  one  of  the  broad 
fields  of  medical  research,  such  as  biochemistry,  plivsiologv  and 
pharmacology,  microbiology  and  immunology,  and  biophysics 
including  radiobiology.  Within  each  of  these  fields  we  try,  year 

y  year,  to  select  narrower  topics  wherein  a  restatement  of  tech¬ 
niques  seems  timely. 

As  the  topics  are  selected,  we  try  to  find  experts,  like  those  who 
have  so  signally  contributed  to  the  first  volumes,  willing  to  act  as 

b  lilies  oftra5  thdr  rSSi8ned  “Pic  £°r  the  year'  The  responsi- 

m  seleci  whh?n  ?hlat,e  °r  T  by  ”°  means  HSht;  “  »  for  him 
,  „  n  he  piC  and  space  assigned,  the  methods  most 

vcn  ly  o  description  and  the  contributors  best  fitted  to  describe 

Obviously  the  methods  most  suitable  for  description  in  this  form 
a  e  those  which  are  of  wide  actual  or  potential  application  and 
uluch  have  no.  been  published  in  lull  or  have  been  mefully  modh 
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fied  since  publication;  obviously,  too,  the  inclusion  of  a  method 
stamps  it  as  being  convenient  and  reliable  in  the  associate  editor’s 
expert  estimation,  though  it  does  not  conversely  follow  that 
omitted  methods  are  of  lesser  value.  The  associate  editor  may  also 
send  each  contribution  to  another  experienced  investigator  for 
comment  and  review;  this  feature  of  our  plan  has  been  found  most 
valuable  to  all  concerned. 

As  members  of  the  Governing  Board,  we  are  very  conscious  of 
the  lightness  of  our  responsibilities  in  comparison  with  those  of 
the  associate  editors  and,  still  more,  those  of  the  investigators,  who 
agree  to  assume  the  further  ungrateful  task  of  acting  as  editors-in- 
chief,  charged  among  other  things  with  the  duty  of  distributing 
space  among  the  sections.  Dr.  R.  W.  Gerard,  who  accepted  the 
responsibility  of  editorship  for  this  volume,  has  made  it  a  worthy 
companion  of  its  predecessors. 

Any  values  which  this  series  may  have  must  be  credited  to  the 
editors,  the  contributors  and  the  referees,  rather  than  to  us.  It 
remains  for  us  merely  to  select  topics  and  to  try  to  find  equally 
competent  and  conscientious  editors  for  the  next  volume  and  its 
successors.  To  this  end  we  should  most  gratefully  receive  any 
suggestions  that  readers  may  care  to  send  us.  Volume  4  is  in  active 
preparation  and  will  be  available  in  the  winter  of  1950-5 1 . 

Irvine  H.  Page 
A.  C.  Ivy 
Colin  M.  MacLeod 
Carl  F.  Schmidt 
Eugene  A.  Stead 
David  L.  Thomson 


EDITOR’S  PREFACE 


There  is  little  for  the  editor-in-chief  to  say  in  introducing  this 
volume,  as  there  was  little  for  him  to  do  in  preparing  it.  The  four 
sections  were  assigned  to  the  four  associate  editors  at  the  start  and 
each  planned  the  organization  and  authorship  of  his  material  with 
a  free  hand.  This  properly  identifies  the  editor-in-chief  as  the  fifth 
wheel— perhaps  a  bit  of  a  steering  wheel  to  guide  the  volume  from 
its  conception  by  the  Governing  Board  to  its  delivery  to  the  pub¬ 
lisher;  perhaps  a  bit  of  a  flywheel  to  keep  the  other  wheels  turning 
through  low  pressure  portions  of  the  cycle.  In  any  event,  I  do  wish 
to  acknowledge  the  far  greater  contributions  of  the  associate 
editors,  and  of  course  of  the  authors,  than  of  myself  to  Volume  3 
of  Methods  in  Medical  Research.  All  have  been  most  co-operative 
and  pleasant  to  work  with  and  some  even  achieved  the  almost 


unbelievable,  in  making  the  deadline  and  with  manuscripts  not 
exceeding  the  space  allotment. 

1  he  great  Ludwig  wrote  “Die  Methode  ist  alles,”  and  surely  the 
advance  of  science  attests  the  overwhelming  importance  of  meth¬ 
odology.  True,  without  the  creative  insights  of  the  few,  the  cumu¬ 
lative  labors  of  the  many  would  be  largely  barren.  But,  conversely, 
only  as  ideas  are  winnowed  in  the  laboratory  are  the  grains  of 
“truth”  selected.  Man  does  not  yet  know  how  to  produce  genius 
01  even  talent,  so  little  can  be  done— except  to  give  the  able 
opportunity-to  enhance  the  trickle  of  major  ideas.  One  idea, 
suddenly  conceived,  however,  may  require  years  of  men-hours  of 
experimentation  for  its  testing  and  exploitation.  And  much  can 

,  ,  done  to  faciljtate  this  dominant  character  of  science-the 
laboratory  testing. 

Apparatus  of  ever  greater  potency,  procedures  of  ever  greater 

Sneh^y’  rec?lllre  ever  greater  know-how  for  their  successful  use. 
Such  operational  wisdom  can  be  acquired  initially  only  painfully 
by  the  pioneer.  Later,  it  is  passed  along  and  improved  by  his  inn  J 
tate  disciples  and  by  others  with  related  experience  Published 

aC„dscau ln  dhe  “I"3'  mearch  reP°rts’  «"  notoriously  incomplete 
and  scattered:  and  spatially  separated  workers  rarely  can  find 

minimize  W°rd’ the  helP  would 

method.  expenditure  of  „me  ,n  mastering  a  needed 
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articles  deal  overwhelmingly  with  methods,  described  in  sufficient 
detail  to  eliminate  the  expensive  blunders  of  ignorance.  Much  of 
the  detail  is  empirical,  based  on  the  extensive  experiences  of  indi¬ 
viduals  or  laboratories  that  have  pioneered  and  led  in  their  experi¬ 
mental  fields.  This  know-how  has  further  been  checked  in  many 
cases  by  having  other  experts  read  and  comment  on  the  initial 
presentations;  so  that  their  experience  has  been  incorporated  in, 
or  is  supplement  to,  the  main  articles. 

Earlier  volumes  have  been  warmly  received,  presumably  be¬ 
cause  they  proved  useful.  It  is  the  hope  of  all  who  have  conti  ib- 
uted  to  the  present  one  that  it  will  help  their  scientific  colleagues 
to  greater  and  easier  productivity  in  their  experimentation. 

— R.  W.  Gerard. 
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Genetics 

of  Micro-Organisms 

associate  editor  —  S.  E.  Luria 


INTRODUCTION 

It  may  seem  surprising  that  a  section  on  genetics  of  micro¬ 
organisms  should  appear  in  Methods  in  Medical  Research.  The 
most  obvious  rationale  for  this  inclusion  is  the  importance  of 
variation  in  the  characteristics  of  the  parasites  for  the  pathology 
and  epidemiology  of  infectious  diseases.  Other  more  subtle  though 
at  least  as  cogent  reasons  justify  the  inclusion.  On  the  one  hand, 
all  those  familiar  with  the  recent  advances  in  biochemical  research 
realize  the  role  that  the  biochemical  genetics  of  micro-organisms 
has  played  in  the  tracing  of  synthetic  metabolic  pathways  and  in 
studies  on  intermediary  metabolism.  The  well  substantiated  postu¬ 
late  of  comparative  biochemistry  concerning  the  fundamental 
similarity  of  biochemical  processes  throughout  the  biologic  world 
justifies  the  increased  use  of  micro-organisms  as  models  in  research 
on  intermediary  metabolism.  On  the  other  hand,  the  interest  of 
medical  scientists  in  genetics  itself,  as  a  key  to  the  clarification  of 
normal  and  abnormal  patterns  of  function,  is  increasing  at  a  fast 
pace,  and  it  is  noteworthy  that  genetic  research  in  medical  schools 
and  institutions  is  limited  as  yet,  with  few  exceptions,  to  the  2 
fields  of  human  and  of  microbial  genetics. 

The  choice  of  topics  to  be  included  in  the  section  was  guided  by 
a  consideration  of  the  availability,  for  certain  groups  of  organ¬ 
isms,  of  methods  specifically  devised  for  genetic  studies  and 
applicable,  with  more  or  less  obvious  modifications,  to  the  study 

i 


2 


GENETICS  OF  MICRO-ORGANISMS 

of  other  organisms  or  of  other  problems.  The  4  chapters  include 
methods  in  genetics  of  bacteria,  yeasts  and  molds.  Viruses  are  not 
included,  since  the  only  group  that  has  been  investigated  intensive¬ 
ly  from  a  genetic  standpoint— that  of  bacterial  viruses  or  bacterio¬ 
phages— is  discussed  in  Volume  2  of  this  series. 

It  was  hoped  that  a  chapter  on  the  genetics  of  Paramecium 
could  be  included,  particularly  since  many  methods  used  in  this 
most  important  field  had  not  yet  been  published.  On  request  of  the 
editor,  Dr.  T.  M.  Sonneborn  kindly  undertook  the  preparation 
of  such  a  paper,  but  the  very  extent  to  which  this  field  has  grown 
caused  the  manuscript  to  be  too  long  for  inclusion  in  this  volume. 
This  important  paper  appears  elsewhere  (6). 

For  bacteria,  the  methods  discussed  cover  2  topics:  the  muta¬ 
tions  affecting  resistance  to  destructive  agents,  and  the  mutations 
recognizable  by  nutritional  studies  (commonly,  if  improperly, 
called  “nutritional”  or  “biochemical”  mutations)  .  These  are  the 
2  groups  of  phenomena  that  have  been  studied  by  methods  devel¬ 
oped  with  the  specific  purpose  of  investigating  the  genetic  system 
of  bacteria.  Genetic  research  on  problems  such  as  bacterial  dis¬ 
sociation  and  antigenic  variation  is  still  in  such  a  fragmentary 
stage  that  a  standardization  of  methods  would  be  not  only  unjusti¬ 
fied  but  possibly  harmful  to  much  needed  further  progress.  A 
discussion  of  methods  used  in  the  study  of  induced  “type  trans¬ 
formations”  in  Pneumococcus  and  other  bacteria  was  also  consid¬ 
ered  unnecessary,  since  the  original  observations  are  still  under 
investigation  and  their  empiric  methodology  is  in  the  process  of 
being  rationalized. 

The  impact  of  the  recent  developments  in  bacterial  genetics  on 
bacteriologic  research  has  been  remarkable,  as  may  be  judged 
from  the  number  of  articles  dealing  with  genetic  problems  that 
have  appeared  in  bacteriologic  publications  since  1944  and  fiom 
the  prominence  accorded  genetic  subjects  at  recent  annual  meet¬ 
ings  of  the  Society  of  American  Bacteriologists.  The  peculiar 
methodologic  problems  involved  in  bacterial  genetics  (-,  4), 
however,  are  not  always  understood  clearly  by  those  bacteriolo¬ 
gists  who  direct  their  attention  to  genetic  questions.  One  of  the 
most  frequent  pitfalls,  particularly  in  the  distinction  of  spon¬ 
taneous  from  directly  induced  mutation,  is  the  overlooking  of  t  te 
complexities  of  selective  forces  in  the  continually  changing  en¬ 
vironment  of  the  cultural  media,  complexities  that  can  only  be 
elucidated  in  each  specific  instance  by  careful  population  studies. 
No  methodology  can  yet  be  recommended  for  the  study  of  bac¬ 
terial  populations  beyond  the  suggestions  made  by  Witkin  in  ner 
chapter  of  this  section,  but  the  interested  worker  is  referred  to 
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papers  by  Braun  (1)  and  Ryan  (5)  for  the  analysis  of  individual 

complex  cases.  . 

The  genetics  of  yeasts,  molds  and  protozoa  is  less  concei  ned 

today  with  the  problems  of  Lamarckism  vs.  Mendehsm  than  the 
genetics  of  bacteria,  thanks  to  the  occurrence  in  the  former  groups 
of  organisms  of  well  investigated  sexual  processes.  The  field  is, 
however,  actively  progressing  both  in  relation  to  the  problem  of 
the  organization  of  the  genetic  material,  particularly  in  connec¬ 
tion  with  cytoplasmic  inheritance,  and  in  relation  to  physiologic 
genetics. 

The  chapter  on  yeast  genetics  presented  an  opportunity  to  make 
available  the  methods  used  by  1  of  the  2  most  productive  schools 
in  this  field,  the  methods  devised  by  the  other  school  being  dis¬ 
cussed  in  a  monograph  by  its  chief  exponent  (3). 

The  genetics  of  molds  is  represented  by  a  discussion  of  methods 
in  the  genetics  of  the  ascomycete  Neurospora,  a  genus  that  already 
ranges  with  Drosophila  and  maize  among  the  classic  materials  of 
genetic  investigation.  The  successful  application  of  Neurospora 
mutants  to  bioassay  makes  the  genetic  methods,  particularly  those 
for  the  isolation  of  new  mutants  requiring  given  metabolites,  tools 
of  practical  value  in  the  hands  of  all  biochemists.  The  same  should 
be  said  for  the  methods  described  by  Lederberg  in  his  chapter  on 
biochemical  mutants  of  bacteria.  No  other  fungi  (except  possibly 
certain  plant  pathogens)  have  been  subjected  to  genetic  investi¬ 
gation  to  any  extent  that  would  justify  standardization  of  tech¬ 
niques. 

Cytologic  techniques  are  discussed  in  connection  with  Neuros¬ 
pora,  since  here  the  cytologic  picture  has  already  been  integrated 
solidly  with  the  genetic  data. 

It  has  not  proved  feasible  to  append  to  each  chapter  the  com¬ 
ments  of  a  referee.  All  chapters  were  read  critically  by  at  least 
1  expert,  whose  suggestions  were  often  incorporated  into  the  text 
b\  the  author.  I  he  names  of  the  reviewers  are  given  with  each 
chapter. 

I  he  editor  gratefully  acknowledges  the  unusual  and  somewhat 
unexpected  co-operation  of  the  authors  in  meeting  the  deadlines 
lor  submitting  their  invited  contributions,  a  co-operation  that 

has  made  the  task  of  the  associate  editor  an  altogether  pleas¬ 
ant  one.  1 


-o.  E.  JLuria. 
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Isolation  and  Characterization  of  Biochemical 
Mutants  of  Bacteria 

J.  LEDERBERG,  University  of  Wisconsin 


Although  most  mutations  may  be  ultimately  referable  to 
biochemical  changes,  the  term  “biochemical  mutant”  generally 
refers  to  a  mutant  detected  by  its  effects  on  the  nutrition  or  on  a 
specifically  recognizable  enzymatic  process  of  the  organism  (1). 

The  use  of  mutagens  to  increase  the  proportion  of  mutants  is 
discussed  by  Witkin  (pp.  23  ff.).  The  methods  presented  here 
aim  at  separating  mutant  cells  from  the  nonmutants  which  usually 
outnumber  them.  The  techniques  have  been  applied  especially  to 
Escherichia  coli,  among  bacteria,  but  have  also  been  used  with 
other  organisms. 

Media— The  recognition  of  a  nutritional  mutant  depends  on 
a  comparison  of  its  growth  on  “minimal”  and  “complete”  medium. 
These  terms  are  relative  to  the  purposes  of  the  investigation.  A 
minimal  medium  consists  only  of  components  essential  for  the 


I  ABLE  1  .—Media  for  Escherichia  coli * 


A.  Minimal  Medium! 
(B.  D.  Davis) 


Glucose  1 

K„HP04  7 

KHoPO,  2 

Nas  citrate*  5H20  0  5 

M"SO,*7HoO  0.1 

(NH4)2so4  1 


B.  Complete  Medium 


Casein  digest  (N  Z  Case)  10 

Yeast  extract  5 

KoHPO,  3 

KH..PO,  l 

Glucose  5 


C.  Minimal  EMB  Medium  (“EMS”)  (20) 
Sugar  ]0 

Sodium  succinate  5 

NaCl  1 

MgSO,  , 

KoHPO,  2 

(NH4)2S04  5 

Eosin  Y  0.4 

Methylene  blue  0.065 


D.  Complete  EMB  Medium 


Sugar  jo 

Casein  digest  (N  Z  Case)  8 

Yeast  extract  ] 

NaCl  5 

KoHPO,  o 

Eosin  Y  o.4 

Methylene  blue  0.065 


g/l*  (HstUhtcT  waterl'The  me'd”.’  ™  S'or'eXel  LS*,j?  required.  All  concentrations  are 
together.  However,  minimal  medium  A  is  hlttlr  a'?‘?ing  lhe  materials  and  autoclaving 

in  a  separate  aliquot  and  mixing  with  the  sterilG^I^f  ?-y  ster>l'zing  the  sugar  (and  agar) 
before  pouring  agar  plates  sterilized  solution  of  the  other  constituents  just 

chemical',  rf  “'d^'cheml^Srit)!"  Wi,h-  b'l"«  <»  counts  in  other 
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growth  of  the  wild-type  strain;  a  complete  medium  contains  a 
variety  of  supplements  covering  the  range  of  interest  of  growth 
factors  for  which  mutants  are  to  be  sought.  Yeast  extract,  pep¬ 
tones  and  similar  organic  preparations  are  commonly  used  as 
complex  supplements  which  are  expected  to  contain  adequate 
amounts  of  such  growth  factors.  When  specific  mutants  are  being 
looked  for,  however,  it  is  important  to  verify  that  the  “complete” 
medium  is  sufficiently  enriched  in  the  particular  factor  and  that 
it  does  not  contain  antagonists  which  might  interfere  with  the 
expected  responses  (23). 

Media  suitable  for  E.  coli  are  tabulated  in  Table  1.  They  are 
certainly  not  the  only  formulae  that  will  prove  satisfactory,  toi 
specific  purposes  it  will  always  be  necessary  to  formulate  the 
appropriate  substitutes. 


RANDOM  ISOLATION  OF  NUTRITIONAL  MUTANTS  (2,  8) 
PROCEDURE 

Cells  grown  from  an  irradiated  inoculum  in  a  complete  medium 
are  diluted  to  100-500/sample  and  poured  into  or  spread  on  the 
surface  of  complete  agar  plates.  After  24  hr  of  incubation,  colo¬ 
nies  are  picked  at  random  with  a  fine  platinum  needle.  It  is  con¬ 
venient  to  cool  the  needle  in  a  small  tube  containing  1  ml  of 
synthetic  medium,  touch  the  colony  lightly,  immerse  it  in  the  1  ml 
tube,  and  then  spot  the  needle  on  a  complete  agar  plate.  One  can 
also  use  a  2d  tube  containing  complete  medium  for  maintaining 
the  isolate.  After  24  hr  the  tubes  or  spots  on  complete  agar 
corresponding  to  clear  minimal  tubes  (no  growth)  are  trans¬ 
ferred  to  slants  for  later  verification  as  mutants.  Where  a  spot 
shows  no  growth,  there  may  not  have  been  successful  inocu  at  ion 
into  the  minimal  medium,  and  the  test  is  discarded. 

Evaluation.-Tatum  (35)  recovered  about  \%  characterizes  k 
mutants  from  £.  coli  treated  with  x-rays  or  nitrogen  niustar  _ 
Roepke  and  Mercer  (29)  obtained  yields  of  1-2%  from  cells  plate 
immediately  after  x-ray  treatment.  They  noted  that  storage  o 
treated  cells  in  electrolyte-containing  medium  resulted  i 
markedly  lower  yield.  In  Bacillus  subtil, s,  Burk: boWer  and G  1 
(4)  obtained  3-6%  yields  of  mutants,  a  high  yield  which  may 
related  to  the  resistance  of  their  material  to  let  ia  eoc  s  ^ 
tion.  Substantially  the  same  procedure  has  f 

Neurospora,  where  Beadle  and  Tatum  (2)  report  the  station ■  ° 
380  mutants  from  68,000  tested  ascospores,  or  about  14%.  H 
ever,  the  genetic  procedure  used  in  Neurospora  is  only  50% 
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efficient  because  the  ascospores  are  the  progeny  of  a  cross  of  treated 
with  untreated  nuclei. 

DELAYED  ENRICHMENT  (LAYER  PLATING)  (21) 

Much  of  the  work  needed  to  obtain  a  collection  of  mutants  is 
spent  on  separating  them  from  their  nonmutant  neighbors,  which 
often  predominate  100:1.  The  most  direct  but  least  efficient  pro¬ 
cedure  is  random  isolation  followed  by  individual  test  on  minimal 
medium.  By  delayed  enrichment  of  minimal  agar  plates,  several 
hundred  colonies  can  be  screened  at  once. 


PROCEDURE 


Plates  are  prepared  with  15-20  ml  of  minimal  agar  medium  and 
allowed  to  solidify  (bottom  layer).  The  bacterial  suspension  is 
diluted  to  contain  200-400  cells/sample;  each  sample  is  incor¬ 
porated  in  a  few  ml  of  minimal  agar  and  poured  over  a  plate 
(seeded  layer) .  When  this  has  hardened,  5-10  ml  of  minimal 
agar  is  poured  on  top  (cover  layer).  Thus  all  the  colonies  will 
develop  in  the  agar  and  will  not  be  disturbed  by  subsequent  manip¬ 
ulation.  The  seeded  plate  is  incubated  for  24  hr  or  longer  to 
permit  the  development  of  prototroph  cells  (i.e.,  cells  as  nutri¬ 
tionally  competent  as  the  wild  type)  into  uniform  large  colonies. 
The  mutant  cells  will  have  developed  very  slightly,  if  at  all,  and 


will  be  invisible  to  the  naked  eye.  They  are  brought  to  view  by 
pouring  a  few  ml  of  complete  agar  over  the  layer  plates  (supple¬ 
ment  layer).  The  growth  factors  diffuse  down  through  the  agar 
and  cause  growth  of  the  mutants,  which  are  picked  up  as  small 
or  as  new  colonies  after  6-12  hr  of  further  incubation.  With  some 
practice  and  use  of  a  fine  needle,  the  tiny  mutant  colonies  can 
be  picked  to  complete  medium  for  verification. 

Modifications.— Other  methods  of  delayed  enrichment  suggest 
themselves.  The  supplement  need  not  be  poured  on  top,  but 
may  be  injected  below  the  bottom  layer  with  a  hypodermic  needle 
through  a  penicillin  cup,  or  placed  in  a  penicillin  cup  itself,  or 
may  be  poured  in  a  trench  cut  out  of  the  minimal  agar  either  with 
a  sterile  spatula  or  by  pulling  up  a  strip  of  cloth  sterilized  with 
tie  plates.  These  and  other  modifications,  e.g.,  transfer  of  the 
entire  agar  layer  to  a  plate  of  complete  agar,  may  be  particularly 
useful  in  dealing  with  aerophilic  bacteria  or  molds  which  will 
not  develop  readily  as  deep  colonies. 


marginal  or  limiting  enrichment  (6) 

A  marginal  or  limiting  concentration  of  growth  factor  can 
usually  be  found  at  which  a  mutant  will  form  Colonies  character- 
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istically  smaller  than  prototrophs  in  a  supplemented  minimal 
agar.  This  principle  is  especially  useful  in  counting  a  particular 
mutant  (whose  quantitative  responses  are  already  known)  in  the 
presence  of  a  preponderance  of  prototrophs  or  of  other  mutants 
(31,  6). 

The  greatest  drawback  of  this  procedure  is  the  uncertainty  of 
the  proper  concentrations  of  supplements  to  use.  One  can  use  a 
graded  series  of  concentrations  in  the  hope  of  finding  the  correct 
level  empirically,  though  uneconomically. 

In  principle,  a  more  rational  pre-estimate  can  be  made  by 
determining  the  content  of  a  given  factor  in  hydrolysates  of  wild- 
type  bacteria  grown  on  minimal  medium.  On  the  assumption 
that  the  wild-type  content  is  not  very  different  from  the  needs 
of  the  organism,  the  amount  of  supplement  which  will  limit 
growth  of  a  mutant  can  be  calculated  from  this  content.  This 
assumption  also  implies  that,  in  general,  a  level  of  bacterial 
hydrolysates  which  suffices  for  any  1  growth  factor  requirement 
will  also  be  suitably  rich  in  other  factors.  Conversely,  a  concen¬ 
tration  of  hydrolysate  that  is  marginal  for  1  growth  factor  should 
be  approximately  marginal  for  other  substances,  known  and 
unknown.  Therefore,  a  concentration  of  bacterial  hydrolysate 
that  suitably  limits  the  growth  of  any  mutant  already  isolated 
should  be  appropriate  for  the  isolation  of  new  mutants. 

Since  the  assumptions  made  here,  that  biosyntheses  arc  not 
markedly  over-  or  underproductive  and  that  losses  of  growth  fac¬ 
tors  in  preparing  hydrolysates  are  uniform,  hold  only  very  approxi¬ 
mately  for  many  factors,  these  generalizations  are  far  from  piecise. 
However,  the  technique  has  been  successfully  employed  for  the 
isolation  of  mutants  of  E.  coli  and  of  Azotobacter  agilis  ( 1-)  both 
by  using  graded  concentrations  (6)  and  by  using  bacterial  hydroly¬ 
sates  (19). 

Comment  by  Bernard  D.  Davis 

A  possible  advantage  of  limiting  enrichment  is  that  it  does  not  require 
the  survival  of  isolated  nongrowing  cells,  a  consideration  that  may  be  im¬ 
portant  with  organisms  less  hardy  than  E.  coli. 

ISOLATION  OF  MUTANTS  BY  PENICILLIN  (4a,  5,  22) 

Considerable  improvement  can  be  achieved  with  penicillin.  Its 
application  depends  on  the  fact  that  the  bactericidal  action  o 
penicillin  is  only  exerted  on  cells  in  a  medium  in  which  they 
could  grow  in  the  absence  of  the  antibiotic.  In  a  synthetic  mcc  mm 
in  which  biochemical  mutants  are  unable  to  grow,  a  difierential 
between  the  survival  of  mutants  and  prototrophs  after  treatment 
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with  penicillin  permits  of  considerable  concentration  of  mutants. 
With  Salmonella  and  E.  coli  K-12,  the  logarithmic  ratio  is  of  the 
order  of  2;  i.e.,  for  each  10-fold  reduction  in  viable  mutants,  the 
prototrophs  are  diminished  100-fold.  10~6  is  the  largest  degree 
of  killing  that  leaves  a  convenient  number  of  survivors;  this  will 
often  result  in  1000-fold  augmentation  of  the  ratio  of  mutants  to 
prototrophs  in  the  population  treated  in  synthetic  medium. 


PROCEDURE 


A  suspension  of  bacteria  (grown  in  a  complete  medium  from 
an  irradiated  inoculum  to  a  density  ca.  2X10°  cells/ml)  is 
washed  twice  with  sterile  saline  and  diluted  to  20  times  the 
original  volume  in  minimal  medium.  A  freshly  prepared  solution 
of  penicillin  is  added  to  yield  a  final  concentration  of  300  units/ml. 
The  tubes  are  incubated  at  37  C  on  a  shaker  for  4-24  hr.  Samples  of 
0.1,  0.01  and  0.001  ml  are  spread  on  complete  medium  plates. 
After  24  hr  incubation,  isolated  colonies  are  picked  at  random 
and  tested  for  growth  on  minimal  medium.  In  successful  runs, 
half  the  colonies  may  show  no  growth  on  the  1st  test,  but  ]/3  or 
more  of  these  supposed  mutants  may  subsequently  behave  as 
prototrophs  after  subculture  on  complete  medium.  No  satisfac¬ 
tory  explanation  has  been  found  for  this  transitory  behavior, 
which  parallels  that  of  the  “mutants”  described  by  Peacocke  and 
Hinshelwood  (27)  and  of  chilled  cultures  of  Achromobacter 
fischeri  (26). 

Evaluation— The  penicillin  method  is  undoubtedly  the  most 
efficient  but  the  most  erratic.  There  appears  to  be  considerable 
difference  among  strains  of  E.  coli  and  Salmonella  in  sensitivity  to 
penicillin.  Adjustments  in  the  time  of  treatment  and  concentra¬ 
tion  of  penicillin  must  be  made  empirically.  For  isolation  of  the 
widest  range  of  mutants,  especially  those  with  vitamin  require¬ 
ments,  it  may  be  desirable  to  use  lower  initial  cell  concentrations 
(  ) .  However,  E.  coli  mutants  requiring  thiamine,  nicotinamide 
and  pantothenate  have  been  isolated  with  the  described  pro- 


Freshly  irradiated  cells  should  not  be  subjected  directly  to  the 
penicillin  selection.  In  our  laboratory,  cells  grown  several  hours 
or  overnight  m  complete  broth  from  irradiated  inocula  were 

eation^iq^n11  *  %rOUnds’  to  Permit  of  ™clear  segre¬ 

gation  (8,  19)  Davis  (5),  however,  ascribed  the  beneficent  effects 

of  prem^bation  to  the  exhaustion  of  biosynthetic ^mechanisms 
rence  f°r  a  time  aild  Permit  growth  after  the  occur- 

effects  pH^Trole^A^5  ^  SUfpress  sYntheses.  Probably  both 
P  v  role.  At  any  rate,  the  caution  that  treated  popula- 
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tions  be  grown  for  some  time  after  irradiation  before  applying 
selective  methods  for  isolating  mutants  has  been  empirically 
justified. 

If  specific  classes  of  mutants  are  desired,  the  synthetic  medium 
can  be  supplemented  with  the  irrelevant  growth  factors,  so  that 
unwanted  mutants  are  killed  along  with  prototrophs. 

The  mutants  obtained  by  the  penicillin  methods  can  be  sub¬ 
jected  to  a  2d  treatment  to  produce  double  mutants  (the  penicillin 
medium  should,  of  course,  now  contain  the  growth  factors  needed 
by  the  original  mutant) .  This  is  possible  because,  in  general,  the 
mutant  survivors  of  this  technique  are  not  resistant  to  penicillin. 

The  300  units/ml  concentration  of  penicillin  is  required  be¬ 
cause  of  the  low  penicillin  sensitivity  of  organisms  such  as  Salmon¬ 
ella  or  Escherichia.  Lower  concentrations  may  be  sufficient  for 
other  organisms. 


Comment  by  Bernard  D.  Davis 


In  the  penicillin  method  the  chief  source  of  sterilization  of  mutants  ap¬ 
pears  to  be  the  syntrophic  effect  of  traces  of  growth  factors  excreted  by  the 
wild-type  organisms.  In  some  cases  the  mutants  show  no  sterilization  by 
penicillin  until  the  wild-type  population  has  reached  densities  exceeding 
106  cells/ml.  Since  large  inocula  increase  the  number  of  mutants  present 
but  decrease  the  efficiency  of  survival,  we  expose  a  variety  of  population 
densities  to  penicillin  for  long  periods,  then  plate  out  in  the  largest  amount 
compatible  with  elimination  of  the  penicillin  effect  by  dilution.  \N  e  usuall) 
inoculate  in  3  ml  of  minimal  medium  containing  penicillin  (300  units/ml), 
10-1,  ]Q-2  and  1(H  ml  of  a  turbid  suspension  of  washed  cells,  previously 
irradiated  and  grown  overnight.  We  incubate  for  4-24  hours  (without 
shaking),  then  plate  0.1  ml  from  each  tube  in  minimal  and  in  enriched 
medium.  Pour  plates  seem  preferable  to  surface  inoculation  because  of  the 
danger  of  sterilization  of  mutant  cells  when  exposed  to  nutnlites  in  the 
presence  of  a  high,  though  transient,  local  concentration  of  penicillin. 
Colonies  are  usually  picked  only  from  those  enriched  plates  which  show  a 
significantly  higher  colony  count  than  the  corresponding  minimal  plates 
although  mutants  are  frequently  obtained  even  when  no  such  differentia 


is  evident. 

A  modification  of  the  method,  which  substantially  improves  its  efficiency 
(6a),  consists  in  preincubating  the  washed  organisms  for  ^6  hours  in  a 
medium  lacking  nitrogen  before  placing  them  into  penicillin,  n 
cubation  helps  exhaust  stored  metabolites.  The  minimal  medium  is  then 
completed  by  addition  of  ammonium  sulfate,  and  penicillin  is  added,  lhe 
preincubation  particularly  improves  the  recovery  of  certain  vitamin-requ.r- 

ing  mutants.  .  -  .  • 

Since  crude  penicillin  may  be  contaminated  by  growth  facto^ 
desirable  to  use  only  crystalline  material.  Penicillin  solutions  are  stable  i 
t  ”wgera,or  for  oVa  few  days,  but  may  be  kept  for  at  .east  a  month  tn 
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the  freezing  compartment  of  a  refrigerator.  A  salt-ice  mixture  may  be  neces¬ 
sary  initially  to  induce  freezing. 


CHARACTERIZATION  OF  BIOCHEMICAL  MUTANTS  (2) 

Two  approaches  are  available  lor  determining  the  requirements 
of  nutritional  mutants:  single-additions  and  single-omissions.  By 
the  1st  method,  possible  growth  factors  are  added  singly  and  in 
mixtures  to  determine  minimal  requirements  for  growth  of  the 
mutant.  By  the  2d  approach,  a  comprehensive  mixture  of  growth 
factors  that  will  support  growth  of  the  mutant  is  prepared,  and 
single  factors  or  groups  of  factors  are  then  omitted  to  determine 
those  whose  removal  prevents  growth  of  the  mutant.  The  single¬ 
additions  method  fails  when  the  mutant  requires  multiple  supple¬ 
ments;  the  single-omissions  when  1  growth  factor  can  replace 
another  (e.g.,  glutamic  acid  and  proline,  or  methionine  and 
cystine).  For  routine  purposes,  single  additions  are  more  eco¬ 
nomical  and  convenient,  especially  if  certain  complex  require¬ 
ments,  which  have  been  discovered  empirically,  are  kept  in  mind 
(vide  infra ) . 


PROCEDURE 


Most  mutants  require  1  of  the  following  substances:  (a)  amino 
acids,  (b)  water-soluble  vitamins,  ( c )  purine  bases  and  similar 
nucleic  acid  components,  or  (d)  further  components,  known  or 
unknown,  of  complex  supplements  such  as  malt  or  yeast  extract. 
In  tracking  down  the  specific  requirement  of  a  mutant,  it  is  con¬ 
venient  1st  to  classify  it  in  1  of  4  categories  by  inoculating  the 
mutant  into  minimal  media  supplemented  as  follows:  (1)  no  addi¬ 
tion;  (2)  0.1%  acid-hydrolyzed  casein  (vitamin-free)  plus  0.5  ^g/ml 
tryptophane;  (3)  a  mixture  of  water-soluble  vitamins  (see  Table 
2);  (4)  0.1%  alkali-hydrolyzed  yeast  nucleic  acid,  and  (5)  0.3% 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
9. 

10. 
11 
1 


TABLE  2.— Recommended  List  of  Water-Soluble  Vitamins  with 
Concentrations*  Suggested  for  Escherichia  coli 


Thiamine 
Ribo  flavine 
p-aminobenzoic  acid 
Nicotinic  acid 
Pantothenic  acid 
Pyridoxine 
Pteroylglutamic  acid 
Choline 
Inositolf 
Biotin 


1.  \  Ramin  K”  (methyl-naphthaquinone) 
2-  Vitamin  B12”  (Cobione) 


0.001 
0.5 
0.1 
0.1 
0.1 
0.1 
0.01 
2 
1 

0.0001 

1 

10-®  (0.001) 


(0.001) 


(0.001) 
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yeast  extract.  According  to  personal  preferences,  one  may  conduct 
these  growth  tests  either  in  tubes  of  liquid  medium  or  on  agar 
plates.  Inocula  are  most  conveniently  taken  by  suspending  a 
loopful  of  growth  from  an  agar  slant  and  diluting  so  that  the 
suspension  is  only  barely  turbid.  A  drop  or  loopful  of  such  a 
suspension  is  then  added  to  the  liquid  medium  tubes  or  brushed 
on  the  surface  of  the  supplemented  minimal  agar  plates.  Usually 
24  hr  is  a  suitable  time  for  incubation,  but  this  will  depend 
on  the  organism.  Since  almost  all  of  the  supplements  may  be  more 
or  less  contaminated  with  traces  of  vitamins,  a  response  to  the 
vitamin  mixture  takes  precedence  over  the  others.  After  a  specific 
vitamin  requirement  has  been  established,  it  is  left  to  the  in¬ 
vestigator’s  judgment  whether  to  regard  additional  responses  to 
other  compounds  as  due  to  simple  contamination  of  the  chemicals 
or  to  more  subtle  replacement  mechanisms. 

Once  the  major  group  response  is  established,  it  remains  to 
determine  which  compound  or  compounds  within  the  group  are 
active.  If  an  amino  acid  requirement  is  indicated  by  growth  on 
hydrolyzed  casein,  it  is  preferable  not  to  proceed  with  tests  on  28 
individual  amino  acids,  but  instead  to  categorize  the  mutant  with¬ 
in  an  amino  acid  subgroup.  The  amino  acids  may  be  subdivided 
arbitrarily,  if  desired,  but  Table  3  represents  an  attempt  to 


TABLE  3.— List  of  Amino  Acids  with  Recommended  Groupings* 

Lysine,  arginine,  methionine,  cystine 
Leucine,  isoleucine,  valine 

Phenylalanine,  tyrosine,  tryptophane  . 

Histidine,  threonine,  glutamic  acid,  proline,  aspartic  acid 
Alanine,  glycine,  serine,  hydroxyproline  .  ,  • 

(Optional  miscellaneous):  nor-valine.f  nor-leucine.f  alpha-amino-bu  tync 

acid,  cysteine 

see  6b) .  .  .  . , 

tProbably  not  naturally  occurring  amino  acids. 


1. 

2. 

3. 

4. 

5. 

6. 


eroup  them  to  facilitate  the  characterization  of  mutants  that  may 
have  complex  or  alternative  requirements.  Once  the  amino  act 
subgroup  is  settled,  there  is  a  much  smaller  number  of  single¬ 
addition  or  single-omission  tests  to  be  made  within  the  group. 
In  E  coli  K-12,  L-valine  by  itself  is  inhibitory  and  must  be  ac 
panled  by  isoleucine  in  growth  tests.*  Also,  in  this  strain  (and 
others),  methionine  plus  lysine  is  a  fairly  common  “mp  ex 
quirement.  Methionine  or  cystine,  proline  or  glutamic  acid 
glycine  or  serine  exemplify  alternative  requirements  that  have 

1  MIL-scrhic  inhibition  of  E  coli  was  found  to  be  due  to  the  D-isomer  (6b). 
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frequently  been  found  and  for  which  there  is  an  obvious  bio¬ 
chemical  basis.  The  distinction  of  complex  requirements  rom 
double  deficiencies,  occasionally  produced  by  radiation,  has  been 
discussed  by  Davis  (6a). 

Table  4  lists  the  substances  which  may  be  tested  in  the  nucleic 
acid  “breakdowns.” 

TABLE  4.— Components  of  (Yeast)  Nucleic  Acid  and  Related  Extractives 
Purinesf 

xanthine,  hypoxanthine,  adenine,  guanine 

Pyrimidinesf 

uracil,  thymine,  cytosine 

Nucleosidesf 

[ribose]  uridine,  cytidine,  xanthosine,  inosine,  adenosine,  guanosine 
[desoxyribose]  thymidine 

Nucleotidesf 

adenosine-3-phosphoric  acid  (yeast  adenylic  acid) 
adenosine-5-phosphoric  acid  (muscle  adenylic  acid) 
xanthylic  acid,  guanylic  acid,  uridylic  acid,  cytidylic  acid 

italicized  compounds  may  be  difficult  to  obtain  from  commercial  sources. 
tSuggested  concentration,  10  mg/1. 


Previous  experience  in  biochemical  genetics  (cf.  3)  has  shown 
that  many  mutants  can  be  characterized  more  precisely  than  in 
terms  of  the  end-metabolite  if  the  stage  at  which  the  synthesis  is 
blocked  can  be  found.  Table  5  gives  some  ad  hoc  suggestions  for 
tests  on  particular  kinds  of  mutants  which  may  help  to  distinguish 
them  further. 


TABLE  5— Suggestions  for  Further  Tests  after  Primary  Characterization 

of  Nutritional  Mutants 


If  Mutant  Responds 
to: 

Arginine 

Tryptophane 

Cystine  or  methionine 

Proline 

Tyrosine 

Thiamine 

Pteroylglutamic  acid 
Nicotinamide 

Pantothenic  acid 

Pyridoxine 

Choline 

Biotin 

Isoleucine 

Vitamin  B12  or  PABA 


Also  Test  (or  Retest)  : 

Ornithine,  citrulline 

Indole  -|-  serine,  anthranilic  acid,  kynurenine,  nico¬ 
tinic  acid 

Sulfite,  sulfide,  thiosulfate,  thioglycollate.  homocystine, 
cystathionine 

Glutamic  acid,  ornithine,  alpha-ketoglutaric  acid 
Phenylalanine 

“Vitamin-thiazole;”  “Vitamin-pyrimidine.”  methio¬ 
nine,  thioformamide,  Buta-3-one-l-ol  (acetopropanol) 
p-aminobenzoic  acid 

Nicotinic  acid,  hydroxyanthranilic  acid,  and  com¬ 
pounds  listed  with  tryptophane 
Pantoyl  lactone,  beta-alanine,  aspartic  acid 
Pyridoxal,  pyridoxamine,  thiamine 
Ethanolamine,  N-methylaminoethanol,  N-dimethvl- 
aminoethanol 
Desthiobiotin,  pimelic  acid 
Alpha-aminobutyric  acid 
Methionine 
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Comment  by  Bernard  D.  Davis 

Attention  has  naturally  been  concentrated  mainly  on  mutants  with  abso¬ 
lute  requirements.  Mutants  of  2  other  classes  are,  however,  quite  common: 
those  with  relative  requirements,  which  grow  slowly  on  minimal  medium 
and  rapidly  with  the  proper  supplement,  and  “slow-growers,”  which  cannot 
be  hastened  by  any  available  supplements.  As  might  be  expected,  such 
mutants  are  isolated  less  frequently  by  the  penicillin  method  than  by  the 
methods  in  which  small  colonies  are  selected.  Mutants  of  these  types  are  also 
frequently  found  among  the  reversions,  spontaneous  or  ultraviolet-induced, 
from  strains  with  absolute  requirements. 

Interpretation  of  negative  results—  Frequently,  mutants  arc 
found  which  respond  to  yeast  extract  or  even  to  hydrolyzed  casein 
but  which  cannot  readily  be  classified  further.  Before  such  a 
mutant  is  labeled  as  requiring  a  new  or  unknown  growth  factor, 
the  following  possibilities  should  be  considered. 

1.  A  requirement  for  a  balanced  amino  acid  combination.  E.g.. 
certain  Neurospora  mutants  requiring  arginine  are  very  sensitive 
to  inhibition  by  lysine;  another  mutant  requires  isoleucine  and 
valine  in  a  very  precise  ratio  (3) .  A  single-omission  test  series 
usually  will  give  the  necessary  clues  as  to  the  compounds  required. 
It  may  be  necessary  to  test  a  number  of  amino  acids  in  varying 
proportions  before  optimal  growth  responses  are  obtained. 

2.  A  requirement  for  fat-soluble  factors.  Sterols,  unsaturated 
fatty  acids  and  carotenoids  are  essential  for  certain  organisms  and 
should  be  considered  as  possible  requirements  for  bacterial  mu¬ 
tants,  although  such  requirements  have  not  been  encountered. 
Such  compounds  can  be  incorporated  into  aqueous  media  with 
the  aid  of  non-ionic  detergents  such  as  Tween  80  (concentration 
0.1%). 

3.  Water-soluble  factors  not  previously  listed.  Some  of  these— 
glutamine,  glutathione  and  ascorbic  acid— are  very  heat-labile  and 
should  be  filter-sterilized  before  addition  to  autoclaved  medium. 
Other  compounds  include  ethyl  alcohol,  organic  acids  (acetic, 
malic,  fumaric,  succinic,  lactic,  pyruvic),  strepogenin,  pyridoxal 
phosphate,  putrescine,  hemin,  hexose  phosphates,  cocarboxylase 
(thiamine  pyrophosphate)  and  cozymase  (diphosphopyridine 
nucleotide) .  It  is  impossible  to  offer  an  exhaustive  list  of  potential 
growth  factors. 

4.  The  carbon,  sulfur  or  nitrogen  sources  offered  may  be  un¬ 
suitable  for  the  mutant;  e.g.,  some  E.  coli  mutants  cannot  glow 
on  glucose  (7) .  Such  a  mutant  would  probably  glow  in  yeast 
extract  or  in  casein  hydrolysate  media,  but  in  few  with  sing  e 
synthetic  supplements  in  small  quantities.  The  solution  is  either 
to  determine  whether  the  carbon  source  offered  is  attacked  in  a 
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complete  medium  or  to  supply  an  alternative  carbon  source  (e.g., 
asparagine).  In  Neurospora,  mutants  have  been  described  which 
can  assimilate  ammonia  but  not  nitrate,  but  ammonia  is  the  usual 
nitrogen  source  in  most  media  for  bacteria.  E.  coli  mutants  have 
been  described  which  cannot  reduce  either  sulfate  or  sulfite,  but 
which  respond  to  sulfide  (14).  Owing  to  the  preparative  methods, 
many  amino  acids  may  be  contaminated  with  sufficient  sulfide  to 
give  confusing  responses,  but  such  mutants  are  usually  fiist  picked 
up  as  requiring  cystine.  Sulfide  should  be  tried  in  any  instance  of 
a  broad  response  to  many  amino  acids.  H2S  is  sufficiently  volatile 
to  contaminate  media  autoclaved  together  with  sulfide-supple¬ 
mented  media.  Difco  agar,  unless  repeatedly  rinsed  with  water,  is 
also  contaminated  with  materials  that  allow  growth  of  sulfide- 
requiring  mutants. 

5.  Physical  conditions.  A  supplemented  medium  might  favor 
growth  of  a  mutant  by  virtue  of  physical  characteristics,  such  as 
pH,  rH,  ionic  strength  or  osmotic  pressure  rather  than  its  chemical 
constituents.  These  factors  must  be  considered  in  analyzing  mu¬ 
tants  which  do  not  give  well  defined  responses  to  specific  chemicals. 
Also,  some  mutants  may  have  unique  temperature  responses  which 
cause  confusion  if  this  parameter  is  not  controlled.  The  usual  pat¬ 
tern  (25,  10)  is  biochemical  deficiency  (for  known  or  unknown 
substances)  at  a  higher  temperature  and  competence  at  a  lower. 
Since  it  is  impossible  to  predict  the  characteristics  of  mutants  so 
far  not  isolated,  the  choice  of  temperatures  at  which  to  conduct 
these  tests  is  arbitrary.  We  have  had  fortunate  results  with  40 
and  30  C  as  the  differential  temperatures  in  studies  on  E.  coli  and 
Salmonella  mutants. 

Modifications.— Choice  of  procedures  depends  largely  on  per¬ 
sonal  preferences,  because  the  methods  have  not  been  documented 
precisely.  The  details  of  nutritional  characterization  tests— inoc¬ 
ulum  size,  volume  of  medium,  temperature  and  time  of  incuba¬ 
tion,  use  of  liquid  vs.  solid  medium,  etc.-must  all  be  left  to  indi¬ 
vidual  judgment. 

The  auxanographic  method ,  devised  by  Beijerinck,  has  certain 
advantages  (16).  Here,  washed  cells  of  the  mutant  are  heavily 
(about  106— 10s  cells/ml)  and  uniformly  seeded  in  a  thin  top  layer 
of  minimal  agar,  over  a  prepoured  minimal  agar  plate.  After  the 
agar  has  hardened  and  dried  for  2  hr,  the  different  supplements 
are  dropped  at  different  points  on  the  agar  surface.  The  supple¬ 
ments  may  be  used  either  in  solution  or  in  the  form  of  a  few 

CnyStmS'uSterileJteJChniqUe  is  unnecessary,  but  gross  contamination 
should  be  avoided.  A  growth  response  is  indicated  by  turbidity  in 

a  circular  or  annular  zone  where  the  growth  factors  have  diffused. 
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Since  this  zone  is  usually  less  than  2  cm  in  diameter,  there  is 
usually  sufficient  room  for  a  complete  characterization  of  a 
mutant  on  a  single  plate.  T  he  plates  can  be  read  6-10  hr  after  sup¬ 
plementation,  and  unsupplemented  areas  of  the  same  plate  can 
be  used  for  single  additions  after  the  major  grouping  has  been 
established.  The  advantages  of  this  procedure  are  (a)  erratic  growth 
responses  due  to  reversion  are  eliminated,  since  reverse  mutations 
in  the  agar  give  rise  to  single  colonies;  ( b )  the  diffusion  gradient 
exposes  the  cells  to  a  wide  range  of  concentrations;  (c)  complex 
requirements  can  be  detected  as  turbidity  at  the  common  boundary 
of  2  zones  (to  take  full  advantage  of  this,  the  single  supplements 
should  be  strategically  placed  in  relation  to  each  other),  and  ( d ) 
the  supplements  need  not  be  sterilized.  When  small  inocula,  of  the 
order  of  1000  cells  /plate,  are  used  with  a  single  supplement  /plate, 
this  method  is  the  most  reliable  to  study  the  requirements  of 
unstable,  reversible  mutants. 


Comment  by  Bernard  D.  Davis 

Although  agar  has  been  suspected  of  contamination  with  interfering 
amounts  of  vitamins,  we  have  found  only  negligible  impurities.  Unwashed 
Difco  agar  provides  no  growth  stimulation  for  mutants  of  E.  coli  requiring 
pantothenate  and  thiamine  and  permits  only  microscopic  to  barely  visible 
growth  of  streaks  of  mutants  requiring  pyridoxine,  PABA,  biotin,  niacin 
and  /3-alanine.  This  slight  background  growth  can  be  largely  eliminated  by 
washing  the  agar. 

REVERSE  MUTATION  (30) 


Many  or  most  nutritional  mutants  have  the  potentiality  of 
“adapting”  so  that  they  can  grow  in  minimal  medium  in  tlu 
absence  of  the  substance  which  they  originally  required.  Although 
this  process  superficially  suggests  a  direct  action  of  the  environ¬ 
ment  in  educating  the  mutant  bacteria  to  dispense  with  their 
erstwhile  requirements,  a  more  thorough  analysis  indicates  that 
the  adaptation  is  probably  the  result  of  spontaneous  mutations 
toward  nutritional  competence,  the  reverted  mutants  being 
strongly  selected  for  by  the  minimal  medium  (31,  32).  Limited 
investigation  in  Neurospora  and  E.  coli  has  shown  that  these  mu¬ 
tations  are  usually  back-mutations  restoring  the  wild  type  cone  i 
tion  genetically  as  well  as  physiologically;  some  apparent  rever¬ 
sions,  however,  are  the  result  of  ‘  modifier  oi  suppressor  nnita 
tions,  involving  further  gene  mutations  which  merely  mimic  the 

The^possibility  of  reversion  must  be  considered  in  all  nuti  itional 
and  metabolic  studies  on  micro-organisms,  be  they  arti fiaa i  mu¬ 
tants  or  microbes  that  carry  nutritional  deficiencies,  piobab 
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originated  by  mutation,  when  isolated  from  nature.  This  int  - 
ference  is  best  countered  by  carrying  mutant  stocks  on  adequate 
medium,  so  that  random  reversions  will  not  be  selected  or,  y 
frequent  reisolations,  to  get  rid  of  accumulated  reversions,  and, 
above  all,  by  verifying  all  critical  or  doubtful  responses  by  reinocu- 
lation  into  minimal  medium  to  insure  the  persistence  of  the  nutri 
Ntional  requirements. 

SYNTROPHISM  (16) 


Even  when  biochemical  and  genetic  information  is  not  avail¬ 
able,  mutants  with  similar  nutritional  requirements  can  often  be 
distinguished  by  syntrophism  (mutual  feeding) .  As  has  been 
demonstrated  most  clearly  in  Neurospora  work,  genetic  blocks  in 
the  biosynthesis  of  an  end-product  may  result  in  the  accumulation 
and  excretion  of  the  intermediate  whose  further  utilization  is 
blocked.  The  excreted  intermediate  may  be  capable  of  stimulating 
the  growth  of  another  mutant  which  is  unable  to  make  the  same 
end-product  but  which  is  blocked  at  an  earlier  step  in  the  reaction 
chain.  The  ability  of  a  mixture  of  mutants  to  grow  on  minimal 
medium  is  a  definite  indication  of  physiologic  differences  between 
them  and,  by  inference,  of  genetic  nonidentity. 


PROCEDURE 

The  most  sensitive  test  for  syntrophic  interaction  is  probably 
a  quantitative  comparison  of  the  turbidity  of  separate  and  mixed 
cultures  which  are  supplied  with  concentrations  of  the  growth 
factor  requirement  which  limit  the  individual  mutants  to  about 
10%  of  optimal.  Syntrophism  can  also  be  demonstrated  by  streak¬ 
ing  the  2  cultures  across  or  near  each  other  on  a  minimal  agar 
plate. 

Evaluation.— This  test  is  roughly  comparable  to  the  hetero- 
caryon  test  for  “allelism”  in  Neurospora  (p.  61).  A  syntrophic 
reaction  indicates  physiologic  difference,  and  probably,  though 
not  necessarily,  nonallelism.  Failure  to  obtain  effective  syn¬ 
trophism  does  not  prove  physiologic  or  genetic  similarity.  Lam- 
pen  et  al.  (14)  have  successfully  applied  this  method  to  the  classi¬ 
fication  of  a  group  of  cystine-  and  methionine-requiring  mutants 
of  E.  coli.  1  & 


Comment  by  Bernard  D.  Davis 

The  increased  growth  of  a  mixture  of  mutants,  compared  with  their 
separate  growth,  is  usually  predominantly  or  exclusively  an  increase  in  the 
growth  of  1  component  at  the  expense  of  an  intermediate  accumulated  by 
t  ie  other  component.  If  the  term  “syntrophism”  is  used  to  mean  the  feeding 
of  strain  by  another,  mutual  syntrophism  is  a  special  case,  occurring,  for 
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example,  with  certain  tyrosine-  and  phenylalanine-requiring  mutants.  We 
have  found  parallel  streaking  to  be  the  most  convenient  and  useful  test  for 
syntrophism,  since  it  tells  at  a  glance  which  strain  is  being  fed  (6a).  A 
possibly  more  sensitive  test  for  syntrophism  is  the  satellite  phenomenon 
observed  in  a  pour  plate  containing  10-100  feeder  cells  surrounded  by  a 
large  number  of  cells  of  the  strain  to  be  fed  (104-105). 

FERMENTATION  MUTANTS 

Fermentation  mutants  have  proved  useful  in  genetic  and  chem¬ 
ical  work  in  E.  coli  (17,  20,  7).  They  are  readily  obtained  and 
classified  and  are  usually  distinctive  and  independent  in  behavior. 
Their  most  useful  attribute  is  their  ability  to  be  classified  by 
colony  appearance  on  a  plate  without  further  test.  This  permits 
of  their  application  to  population,  segregation  and  other  studies, 
where  counts  of  the  relative  proportions  of  2  genetic  types  must 
be  made. 

The  essential  for  finding  and  using  fermentation  mutants  is  an 
indicator  medium  which  will  permit  of  colony  classification. 
Eosin-methylene  blue  agar  (see  Table  1,  p.  5)  is  the  most  reliable 
and  informative  indicator  medium  tried.  On  this  medium,  colonies 
or  even  sectors  of  colonies  can  be  scored  for  fermentative  capacity, 
even  on  a  crowded  plate.  Colonies  which  ferment  the  sugar  take 
up  a  dense  purplish  black  coloration,  often  with  a  green  sheen, 
while  nonfermenters  remain  of  a  white  or  pink  color,  later  some¬ 
times  turning  a  transparent  blue,  which  indicates  alkali  produc¬ 
tion.  Slow  or  late  fermenters  may  assume  varying  shades  of  purple, 
all  against  the  dark  but  transparent  orange-purple  background. 
Particularly  when  the  colonies  are  crowded,  the  contrast  does  not 
favor  the  finding  of  nonfermenters,  but  close  examination  will 
usually  permit  their  discovery. 

PROCEDURE 

The  most  convenient  method  of  obtaining  fermentation  mu¬ 
tants  has  consisted  in  spreading  a  drop  (about  0.05  ml)  ol  a  fully 
grown  culture  of  E.  coli  in  any  complete  broth  over  the  surface 
of  each  of  a  number  of  EMB  plates  with  appropriate  sugars.  Each 
plate  is  then  exposed  to  ultraviolet  light  long  enough  to  reduce 
the  colony  survival  to  200-400.  With  a  Hanovia  high  piessure 
lamp,  125  w  at  15  cm  distance,  this  requires  about  7  sec.  After 
18-24  hr  the  plates  are  examined  for  mutant  colonies  and  sectors. 
With  lactose,  maltose,  galactose,  etc.,  yields  of  0.02-0.10%  of  non¬ 
fermenting  mutants  are  found  after  this  heavy  dose  of  radiation 
The  mutants  often  occur  as  sectors,  indicating  that  a  mutate 
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nucleus  may  segregate  from  an  unmutated  nucleus  in  the  forma¬ 
tion  of  the  colony,  as  suggested  earlier.  The  mutants  are  tested 
and  purified  by  streaking  them  out  on  EMB  agar.  After  they  are 
purified,  they  should  be  tested  for  their  fermentation  reactions 
on  other  sugars,  since  different  patterns  of  effects  may  occur  (7). 

Modifications—  F or  large  scale  platings,  triphenyltetrazolium 
chloride  may  be  a  useful  indicator  in  place  of  EMB  (18)  .  The 
indicator  is  added  (after  being  sterilized  separately)  to  a  0.05% 
concentration  in  nutrient  agar-sugar  medium.  The  acid  produced 
by  fermenters  inhibits  the  intracellular  reduction  of  the  indicator 
to  a  colored,  water-insoluble  formazan,  which  gives  a  brilliant 
red  color  to  the  nonfermenters.  Since  the  background  is  neutral, 
the  contrast  here  favors  the  mutants.  Unfortunately,  although 
most  runs  with  tetrazolium  have  given  excellent  results,  occasion¬ 
ally  all  colonies  on  a  batch  of  plates,  fermenters  or  not,  take  up 
enough  pigment  to  obscure  the  results.  For  further  study  and 
verification,  it  is  advisable  to  transfer  suspected  fermentation 
mutants  to  EMB  agar. 


APPLICATIONS  OF  BIOCHEMICAL  MUTANTS 

I  he  most  generally  interesting  use  of  biochemical  mutants  is 
probably  in  the  study  of  biosyntheses  of  growth  factors.  Most 
work  of  this  type  has  been  done  with  mutants  of  fungi  (3)  and 
with  naturally  occurring,  exacting  organisms  such  as  lactobacilli, 
but  bacterial  mutants  have  begun  to  assume  a  prominent  role 
tn  tins  type  of  work.  We  may  cite  studies  on  the  synthesis  and 
utilization  of  proline  (33),  tyrosine  (34),  purines  (9),  sulfur 
amino  acids  (14),  p-aminobenzoic  acid  (13)  and  isoleucine  (cf. 
3).  Li  addition,  mutants  have  been  used  in  the  analysis  of  such 
civerse  processes  as  light  production  in  luminous  bacteria  (24) 
nitrogen  fixation  (37)  and  synthesis  of  starch  from  maltose  in 
•  co  i  (/).  Theie  is  every  reason  to  believe  that  nutritional  mu¬ 
tants  could  compete  favorably  with  the  lactobacilli  in  the  search 
for  new  vitamins,  especially  since  most  workers  who  have  pro¬ 
duced  bacterial  mutants  have  accumulated  cultures  that  respond 
o  yeast  extract  but  not  to  any  known  pure  substance.  However 
this  expectation  remains  to  be  realized. 

Along  the  same  lines,  mutants  should  be  suitable  for  micro 
der  vadvesSaH  ,  Vanou,svitamins>  acids  and  nucleic  acid 
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to  justify  the  tedious  investigations  needed  to  perfect  this  potential 
application. 

Aside  from  these  more  biochemical  uses,  biochemical  mutants 
are  indispensable  in  genetic  studies  on  bacteria.  In  the  first  place, 
they  provide  excellent  “markers”  for  studies  in  natural  selection 
and  experimental  evolution,  i.e.,  in  population  dynamics.  Fer¬ 
mentative  mutants  are  especially  useful  here,  as  they  can  be 
enumerated  by  inspection  on  indicator  media. 

Second,  nutritional  markers  have  proved  especially  useful  for 
the  genetic  analysis  of  the  sexual  cycle  that  has  been  discovered  in 
E.  coli,  strain  K-12  (36).  The  necessity  for  genetic  methods  to 
investigate  the  question  of  sex  in  bacteria  is  clearly  shown  by  the 
ambiguity  and  inconclusiveness  of  the  morass  of  previous  cytologic 
work.  In  principle,  any  sufficiently  stable  genetic  markers  can  be 
used  to  look  for  the  recombination  of  characters,  which  is  the 
function  and  the  proof  of  sexual  reproduction;  nutritional  require¬ 
ments  have  the  special  advantage  that  they  allow  for  the  efficient 
selection  of  minute  numbers  of  recombination  types  amidst  large 
populations  of  the  parents. 

The  selection  for  recombinants  can  be  accomplished  by  using, 


as  test  parents,  complementary  nutritional  mutants,  such  that  each 
is  competent  to  synthesize  the  requirements  of  the  other,  e.  g.,  a 
biotin-methionineless  and  a  threonine-leucineless  pair.  Double 
mutants  of  this  sort  must  be  used  to  obviate  ambiguity  of  lesults 
caused  by  reverse  mutation.  If  genetic  recombination  occuis 
between  these  strains  in  a  mixed  culture,  some  of  the  lesulting 
recombinants  should  be  prototrophic.  The  prototrophs  can,  of 
course,  be  readily  selected  by  plating  washed  suspensions  of  the 

mixed  culture  into  minimal  agar  medium. 

The  recovery  of  prototrophs  (at  the  rate  of  about  1  for  each 
million  mutant  cells  inoculated)  from  mixed  cultures  and  not 
from  the  parents  kept  separately,  was  presumptive  evidence  tor 
recombination  in  strain  K-12  (36).  Much  more  pertinent  evi¬ 
dence  was  provided,  however,  with  the  help  of  other  markers  such 
as  phage  resistance  and  sugar  fermentations,  which  are  not  direct  y 
affected  by  selection  for  prototrophs.  If  the  prototrophs  are  the 
result  of  recombination,  unselected  markers  should  likewise  ^ 
reasserted  among  the  prototrophs,  and  this  was  found  to  be  the 


^The  segregation  behavior  of  unselected  markers  has  led  to  the 
inference  of  a  linear  linkage  system,  or  chromosome  in  this  bac¬ 
terial  strain  The  typical  life  cycle  resembles  that  of  the  asco 
mycetes,  with  a  transient  diplophase  and  a  vegetative  haplophase 

(21).  Mutant  stocks  have  been  found,  howe\  ei ,  in  \  P 


BIOCHEMICAL  MUTANTS  OF  BACTERIA  -1 

phase  may  be  prolonged,  thus  paralleling  a  transition  from  the 
Zyeosaccharomyces  to  the  Saccharomyces  type  of  life  cycle.  How¬ 
ever,  the  diplophases  currently  available  show  abnormalities  in 
their  segregation  behavior  whose  basis  is  not  yet  clearly  under¬ 
stood,  but  which  preclude  a  facile  application  to  genetic  piob- 

lems  (20). 
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Bacterial  Mutations  Involving  Resistance  to 
Destructive  Agents 

EVELYN  M.  WITKIN,  Carnegie  Institution  of  Washington,  Cold  Spring,  N.  T. 


I.  SPONTANEOUS  MUTATIONS 

A.  Quantitative  detection  and  isolation  of  resistant  variants  — 
Populations  of  any  bacterial  strain  ordinarily  contain  numerous 
mutant  types.  Those  affecting  colony  color  or  morphology  are 
detected  simply  by  inspection  of  large  numbers  of  colonies;  those 
involving  changed  physiologic  or  biochemical  properties  can 
sometimes  be  detected  by  random  isolation  of  colonies,  but  this 
method  is  practicable  only  when  the  proportion  of  variants  in  the 
population  is  exceedingly  high.  Most  bacterial  mutations  do  not 
alter  gross  colony  appearance  and  occur  so  rarely  that  their 
detection  requires  the  use  of  special  selective  procedures.  A  variant 
can.be  isolated  if  the  population  is  exposed  to  conditions  favoring 
the  growth  of  the  mutant  type,  while  differentially  suppressing 
that  of  the  normal  parent  type.  Thus,  mutants  exhibiting  partial 
or  complete  resistance  to  toxic  or  inhibitory  agents  are  readily 
detectable  and  hence  are  useful  in  the  study  of  bacterial  genetics. 


1.  RESISTANCE  TO  BACTERIOPHAGE  (5,  9) 


When  a  population  of  bacteria  sensitive  to  a  particular  bacterio- 
phage  is  placed  in  contact  with  an  excess  of  the  phage,  the  sensitive 
individuals  are  quickly  lysed.  Any  bacteriophage-resistant  variants 
piesent  in  the  population,  however  low  their  frequency,  remain 
unaffected  by  the  phage  and  grow  to  give  rise  to  visible  colonies. 
I  bus,  bacteriophage-resistance  exemplifies  a  type  of  resistance 
most  amenable  to  quantitative  investigation:  exposure  to  phage 
eliminates  all  sensitive  individuals  and  allows  the  survival  of  all 
i  esistant  individuals.  The  techniques  of  detection  and  isolation  of 
mutants  of  Escherichia  coli  B  resistant  to  bacteriophage  T1  are 

described  as  a  model  for  the  investigation  of  mutants  exhibiting 
all-or-none  resistance. 


a)  Technique.— Use  stra.n  B  or  B/r  of  E.  coli,  and  stock  sus- 
penstons  of  bacteriophages  T1  and  T2  having  a  titer  of  about 
10  particles/m  .  (High  titer  phage  is  required  to  lvse  all  sensi¬ 
tive  bacteria  within  one  generation.)  Use  as  culture  media  Difco 
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nutrient  broth  and  nutrient  agar,  made  up  as  directed  with  the 
addition  of  0.5%  NaCl. 

Pipet  0.1  ml  of  stock  suspension  of  bacteriophage  T1  onto  each 
of  several  nutrient  agar  plates  poured  at  least  24  hr  in  advance. 
Spread  the  drop  evenly  over  the  surface,  clear  to  the  edge,  with 
a  sterile  glass  spreading  rod.  Allow  the  plates  to  stand  15  min. 
Pipet  0.1  ml  of  a  24  hr  aerated  broth  culture  of  bacteria  onto  each 
of  the  phage-coated  plates  and  spread  the  drop  evenly  over  the 
surface,  to  within  about  5  mm  of  the  edge. 

Assay  the  bacterial  culture  by  diluting  1 : 1 06  and  plating  0.1  ml 
of  this  dilution  on  each  of  3  nutrient  agar  plates. 

Incubate  all  plates  for  24  hr  at  37  C.  Count  colonies.  The 
average  number  of  colonies/phage-coated  plate  gives  the  number 
of  Tl-resistant  mutants/sample  plated.  The  number  of  bacteria/ 
sample  is  the  average  colony  count/assay  plate  multiplied  by  106. 

Resistant  strains  are  isolated  by  picking  single  colonies  from 
the  phaged  plates  into  1  ml  amounts  of  broth,  streaking  imme¬ 
diately  on  nutrient  agar  plates,  and  repeating  the  streaking  pro¬ 
cedure  from  these  plates  at  least  once  more.  Stocks  of  resistant 
strains  free  of  bacteriophage  are  established  by  inoculating  nu¬ 
trient  agar  slants  with  colonies  obtained  in  the  final  streaking. 

b)  Test  for  resistance  to  bacteriophage—  Streak  a  loopful  each 
of  T1  and  T2  side  by  side  across  an  agar  plate;  draw  a  loopful  of  a 
broth  suspension  of  the  bacteria  to  be  tested  across  each  phage 
streak,  at  right  angles  to  it.  The  loop  should  be  flamed  between 
streakings  so  as  not  to  mix  phage  types.  Mark  the  locations  of  the 
bacterial  and  phage  streaks  on  the  bottom  of  the  plate,  then 
incubate  for  24  hr.  Continuous  growth  of  the  bacteria  across  the 
phage  streak  indicates  resistance  to  that  phage,  whereas  a  break 
in  the  bacterial  streak  where  it  intersects  the  phage  streak  indicates 
sensitivity.  Tl-resistant  mutants  show  resistance  to  phage  T1  and 
sensitivity  to  T2.  Resistance  to  both  phages  usually  means  that 
the  tested  bacteria  were  contaminants. 


2.  RESISTANCE  TO  RADIATION  (14) 

Resistance  to  radiation  in  E.  coli ,  like  bacteriophage  lesistance, 
is  a  1-step  mutation  in  the  sense  that  only  1  level  of  resistance 
above  that  of  the  parent  strain  can  be  found.  Unlike  phage  resist¬ 
ance,  however,  the  heightened  tolerance  of  radiation  is  relative 
rather  than  absolute,  and  a  dose  of  radiation  sufficiently  powerfu 
to  sterilize  a  large  sensitive  population  permits  the  survival  ol 
only  a  small  fraction  of  the  resistant  mutants  present  in  it.  Ex¬ 
posure  to  a  single  high  dose  of  radiation,  although  it  may  serve 
to  demonstrate  qualitatively  the  presence  of  radiation-resistant 
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mutants  in  a  sensitive  culture,  can  lead  only  to  an  indirect  estima¬ 
tion  of  the  initial  frequency  of  mutants  in  the  population.  A 
precise  determination  of  the  number  of  mutants  in  a  sensitive 
culture  can  be  made  only  by  using  a  special  method,  known  as 
multiple  irradiation.  This  technique  has  been  applied  only  to 
the  study  of  radiation  resistance,  but  various  modifications  might 
prove  applicable  to  other  1-step  mutations  leading  to  partial 


resistance. 

a)  Technique- Strain  B  of  E.  coli  is  the  only  one  known  to  give 
rise  to  radiation-resistant  mutants.  A  convenient  source  of  ultra¬ 
violet  radiation  is  a  General  Electric  Germicidal  lamp,  15  w, 
operated  at  110  v  through  a  stabilizer.  Use  Difco  nutrient  broth 
and  nutrient  agar  as  culture  media. 

Spread  about  10G  bacteria  from  a  24  hr  broth  culture  on  the 
surface  of  each  of  several  fairly  dry  nutrient  agar  plates.  Expose 
each  plate  to  ultraviolet  for  about  20  sec  at  a  distance  of  36  in. 
from  the  source.  Incubate  the  plates  for  3  hr  at  37  C.  This  treat¬ 
ment  kills  about  90%  of  the  exposed  sensitive  bacteria,  leaving 
105  survivors.  The  resistant  mutants  in  the  sample  are  practically 
unaffected,  as  survival  of  resistant  mutants  at  this  dose  is  almost 
100%.  During  the  3  hr  incubation  the  sensitive  survivors  fail  to 
divide,  although  growth  in  length  proceeds  normally;  each  of 
the  105  sensitive  survivors  develops  into  an  elongated  filament 
having  approximately  the  same  radiation  sensitivity  as  a  sensitive 
bacterium.  Division  of  resistant  mutants  is  not  inhibited  under 
these  conditions,  and  they  form  microcolonies  of  about  50  cells 
each  during  the  3  hr  incubation.  At  the  end  of  3  hr  remove  the 
plates  from  the  incubator  and  expose  again  to  20  sec  of  radiation 
at  36  in.  from  the  lamp.  Follow  this  treatment  by  a  2d  incubation 
for  3  hr.  The  number  of  sensitive  survivors  is  now  reduced  to  104/ 
plate,  and  division  is  again  inhibited,  so  that  there  is  no  increase 
in  the  number  of  sensitive  bacteria  during  the  2d  incubation.  The 


lesistant  mutants  are  again  unaffected  by  the  radiation,  and  the 
microcolonies  continue  to  grow  at  a  normal  rate,  so  that  each 
microcolony  contains  about  104  individuals  at  the  end  of  the  2d  in- 
cubation  period.  At  this  time,  expose  the  plates  again  to  radiation 
for  5  min  at  36  in.  and  incubate  for  24  hr.  The  high  dose  kills  all 
of  the  I0«  sensitive  survivors  of  the  first  2  irradiations.  A  large 
number  of  resistant  bacteria  are  also  killed,  but  at  least  100  bac- 
ena  survive  in  every  microcolony  so  that,  after  incubation  of  the 
p  ates  for  .4  hr,  a  visible  colony  appears  for  every  resistant  mutant 

lished  hv'5reSenit  m  1  P'ated  Sample-  Resista"t  strains  are  estab- 
hed  by  inoculating  slants  with  colonies  from  multiple-irradiated 
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b)  Test  for  resistance  to  radiation  —  It  is  usually  desirable  to 
test  all  colonies  obtained  by  the  multiple  irradiation  technique  ior 
resistance,  as  a  few  sensitive  bacteria  occasionally  survive  the 
treatment.  Streak  a  suspension  of  the  bacteria  to  be  tested  on  an 
agar  plate  and  expose  to  ultraviolet  for  20  sec  at  36  in.  Then  in¬ 
cubate  the  plate  for  3  hr  and  examine  under  the  high  power  dry 
objective  of  a  microscope.  Sensitive  bacteria  appear  as  long  fila¬ 
ments,  resistant  bacteria  as  compact  microcolonies.  About  20 
colonies  can  be  tested  on  a  single  segmented  and  properly  marked 
plate. 


3.  RESISTANCE  TO  DRUGS  AND  ANTIBIOTICS 

Resistance  to  penicillin  in  Staphylococcus  aureus  (2)  will  be 
described  as  an  example  of  another  type  of  genetically  determined 
resistance.  In  this  case  (as  in  the  case  of  resistance  to  most  drugs 
and  antibiotics),  mutants  exhibiting  many  levels  of  resistance  can 
be  obtained,  ranging  from  very  slightly  increased  tolerance  as 
compared  to  the  sensitive  strain  all  the  way  to  complete  resistance. 
The  various  levels  of  penicillin  resistance  are  built  up  in  stepwise 
fashion:  first-level  resistant  strains  obtained  from  the  parent  strain 
give  rise  to  second-level  resistant  strains,  which  in  turn  produce 
mutants  having  even  higher  resistance.  Mutants  obtained  in  any 
particular  number  of  steps  are  fairly  uniform  in  resistance.  Resist¬ 
ance  to  2000  units  of  penicillin  can  be  built  up  in  5  steps  in 
Staph,  aureus. 

a)  T echnique  with  penicillin. — T  he  methods  desci  ibed  her e  ai  e, 
in  general,  applicable  to  any  penicillin-sensitive  strain.  Concen- 
trations  of  penicillin  to  be  used  depend  on  the  sensitivity  of  the 
material.  For  strain  NRRL  313  of  Staph,  aureus,  the  range  of  con¬ 
centrations  used  in  the  detection  of  first-level  resistant  mutants 
is  0.01-0.13  Oxford  units/ml. 

Establish  a  survival  curve  for  the  sensitive  parent  strain  by 
plating  in  nutrient  agar  containing  various  concentrations  ot 
penicillin.  Mix  the  penicillin  with  melted  agar  at  a  temperature 
no  higher  than  45  C,  add  the  bacteria  to  the  melted  mixture,  then 
pour  into  a  sterile  Petri  dish.  Isolate  colonies  from  plates  show¬ 
ing  the  lowest  survival.  These  are  usually  first-level  resistant  mu¬ 
tants.  Determine  the  survival  curves  with  penicillin  o  strains 
obtained  in  this  way.  For  quantitative  determination  of  the  num¬ 
ber  of  first-level  resistant  mutants  in  a  sensitive  culture,  lead  fio 
the  2  survival  curves  the  concentration  of  penicillin  which  will 
kill  the  largest  number  of  sensitive  bacteria  without  ki ^  ing  y 
first-level  resistant  mutants.  Use  this  concentration  of] pe  ci  11m 
to  screen  sensitive  cultures  quantitatively  lor  resistant  mutants. 
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Higher  levels  of  resistance  can  be  obtained  in  the  same  way,  using 
as  the  starting  material  strains  already  resistant  by  1  or  more 
steps. 

b)  Test  for  resistance  to  penicillin—  Inoculate  broth  containing 
various  concentrations  of  penicillin  with  about  103  bacteria  and 
compare  growth  with  that  of  sensitive  controls. 

c)  Modifications.— Similar  methods  may  be  used  in  the  study  of 
resistance  to  other  drugs  and  antibiotics.  In  the  case  of  strepto¬ 
mycin ,  however,  it  is  sometimes  possible  to  obtain  highly  resistant 
mutants  from  a  sensitive  strain  in  a  single  step  (4).  In  some  strains, 
plating  of  sensitive  bacteria  in  very  high  concentrations  ol  strep¬ 
tomycin  leads  to  the  recovery  of  mutants  showing  complete  resist¬ 
ance.  Some  strains  completely  resistant  to  streptomycin  are  also 
dependent  on  it  for  growth  (10),  and  such  strains  must  always 
be  cultured  in  media  containing  streptomycin. 


Resistance  to  sulfonamides  follows  the  same  pattern  as  penicillin 
resistance,  but  special  techniques  are  made  necessary  by  the  pres¬ 
ence  in  many  media,  and  production  by  many  bacteria,  of  sulfon¬ 
amide  antagonists  (13). 

B.  Fluctuation  test  for  mutational  origin  of  bacterial  variants 
(9).— This  procedure  distinguishes  experimentally  between  the  2 
most  prevalent  hypotheses  of  the  origin  of  resistant  (and  other) 
bacterial  variants:  (1)  the  “mutation  selection’'  hypothesis,  ac¬ 
cording  to  which  the  variants  arise  as  spontaneous  mutations, 
independently  of  the  contact  with  the  destructive  agent,  which 
merely  provides  conditions  favoring  selection  of  the  resistant 
mutant;  and  (2)  the  “adaptation”  or  “acquired  resistance”  hypoth¬ 
esis,  which  postulates  a  direct  hereditary  alteration  of  sensitive 
bacteria  into  resistant  ones  as  a  result  of  contact  with  the  agent. 
According  to  the  first  hypothesis,  any  culture  will  contain  *1  or 
moie  clones  of  resistant  mutants,  the  number  of  clones  depending 
on  the  small  fixed  chance  that  any  bacterium  will  mutate  in  each 
generation,  with  the  number  of  bacteria  in  a  given  mutant  clone 
depending  on  the  time  of  occurrence  of  the  particular  mutation 
in  the  growth  of  the  culture.  Early  mutations  lead  to  the  develop¬ 
ment  of  large  clones;  late  mutations  result  in  small  clones  The 
time  of  occurrence  of  a  mutation  in  a  series  of  parallel  cultures 
'  ‘  ^  SuIfct  to  chance  variation,  anti  cultures  in  which  early 
mutations  happen  to  occur  will  have  large  mutant  clones;  those 
in  which  no  mutation  occurs  until  growth  is  nearly  ended  will 
have  very  few  mutants.  This  hypothesis  predicts  large  fluctuations 

series" According  TT  ‘r°m  CUltUre  to  cu,ture  in  a  parallel 
A«ording  to  the  adaptation  hypothesis,  each  bacterium  has 
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a  given  chance,  generally  small,  to  become  resistant  on  contact  with 
the  destructive  agent.  This  chance  should  be  the  same  for  all  bac¬ 
teria  grown  and  exposed  under  comparable  conditions,  and  hence 
the  fluctuations  in  the  numbers  of  mutants  from  culture  to  culture 
in  a  parallel  series  should  not  be  greater  than  the  fluctuations  in 
a  series  of  samples  all  taken  from  a  single  culture.  Unless  the 
methods  used  in  determining  the  number  of  mutants  introduce 
sources  of  variability,  the  fluctuations  in  a  series  of  samples  from 
a  single  culture  should  be  no  greater  than  those  expected  on  the 
basis  of  sampling  error.  The  experimental  test  consists  in  a  deter¬ 
mination  of  the  number  of  mutants  in  a  series  of  samples  each 
taken  from  a  separate  culture  in  a  parallel  series,  and  a  com¬ 
parison  of  this  distribution  with  the  number  of  mutants  in  a 
series  of  samples  from  a  single  culture.  The  test  is  applicable  not 
only  to  mutations  causing  resistance  to  destructive  agents  but  to 
most  variants  for  which  quantitative  techniques  of  detection  are 
available,  in  particular  to  mutations  involving  the  acquisition  of 
nutritional  competence  (la). 


TECHNIQUE 


a)  Procedure.— Inoculate  25  tubes  containing  3  ml  of  medium 
with  about  102  bacteria  (a  small  inoculum  is  necessary  so  that  no 
resistant  mutants  are  likely  to  be  introduced  with  it,  and  also 
to  allow  many  early  generations  of  growth,  during  which  a  muta¬ 
tion  in  any  tube  is  unlikely).  Incubate  the  cultures  until  saturation 
is  reached.  Assay  a  few  of  the  cultures  to  determine  the  average 
titer.  Select  any  1  culture  and  plate  25  identical,  carefully  measured 
samples  to  determine  the  number  of  resistant  mutants  obtainable 
from  each  sample.  (If  resistance  to  bacteriophage,  radiation  or 
antibiotics  is  being  studied,  see  part  A  above  for  methods  of  quan¬ 
titative  detection.)  Repeat  exactly,  using  25  samples  each  taken 
from  a  separate  culture.  Incubate  the  plates  until  the  mutant 

colonies  are  fully  developed  and  count. 

b)  Analysis.- Calculate  the  average  of  the  counts  of  mutants  in 
25  samples  from  a  single  culture.  Calculate  the  variance  for  this 


series  (variance  =~)  and  determine  the  significance  of  the  dif¬ 
ference  between  the"average  and  the  variance,  by  the  chi-square 
test  (7).  Unless  the  plating  technique  has  introduced  variability 
greater  than  that  due  to  sampling  errors  the  difference  between 
average  and  variance  in  this  series  should  not  be  significant  ( P 
should  be  greater  than  0.05). 

Calculate  average  and  variance  of  the  counts  of  mutants  in .  the 
25  samples  from  separate  cultures  and  determine  the  significance  of 
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the  difference  between  them,  again  using  the  chi-square  test.  A 
significant  difference  (P  less  than  0.05)  supports  the  mutation 

selection  hypothesis. 

C.  Measurement  of  spontaneous  mutation  rates  — The  methods 
of  determining  spontaneous  mutation  rates  described  heie  are  ap¬ 
plicable,  in  general,  to  any  mutant  for  which  quantitative  methods 
of  detection  are  available,  provided  the  growth  rates  of  the  mutant 
and  parent  strains  are  the  same  in  the  media  used.  Mutational 
origin  of  a  given  variant  must  be  either  assumed  or  independently 
demonstrated  (i.e.,  by  the  fluctuation  test),  as  the  mutation  rate 
determinations  do  not  in  themselves  throw  light  on  this  question. 
It  is  advisable  to  calculate  the  mutation  rate  by  as  many  methods 
as  can  be  applied  to  the  particular  case,  because  no  one  method 
is  entirely  free  from  bias  owing  to  various  simplifying  assumptions. 
For  a  discussion  of  the  direction  of  bias  of  each  method,  see  (1 1). 


METHOD  1 

In  this  method,  based  on  the  proportion  of  cultures  containing 
no  mutants  (9,  11),  one  determines  the  total  number  of  mutants 
in  each  of  a  large  number  of  cultures  (50-100)  and  calculates  the 
proportion  of  cultures  containing  no  mutants.  Using  this  propor¬ 
tion,  one  can  estimate  the  number  of  mutant  clones  without  regard 
to  the  size  of  the  clones  at  the  end  of  growth.  The  cultures  must 
be  set  up  with  small  inocula  (not  more  than  102  bacteria)  and  the 
volume  of  the  cultures  must  be  adjusted  with  2  factors  in  mind: 
(1)  the  proportion  of  cultures  containing  no  mutants  at  the  entt 
of  growth  should  be  neither  very  small  nor  very  large;  (2)  the 
whole  culture,  rather  than  a  sample  from  it,  must  be  plated  in  the 
determination  of  the  number  of  mutants.  The  order  of  magnitude 
of  the  mutation  rate  must  be  such  that  these  conditions  can  be  met 
within  the  limits  of  practicability. 

When  the  number  of  mutants  in  each  culture  has  been  deter¬ 
mined  and  several  cultures  have  been  assayed  to  give  the  average 
titer,  the  mutation  rate  can  be  calculated  according  to  the  follow¬ 
ing  formula:  ,,  ow,  „  ,  ,,T 

&  a  =  —  (In  2)  (In  P0)  /N 

where  a  is  the  mutation  rate/bacterium/division  cycle,  P0  the 
proportion  of  cultures  having  no  mutants,  and  N  the  average 
number  of  bacteria/culture  at  the  end  of  growth. 

METHOD  2 

This  method  uses  the  average  number  of  mutants  per  culture 

rate  T nl Cultu,reS  as  the  basis  of  calculating  mutation 
■ate  (9,  11).  I  he  primary  data  obtained  by  Method  I  can  also  be 

used  to  calculate  the  rate  according  to  this  method.  It  is  not  nec- 
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essary,  however,  to  plate  whole  cultures,  nor  is  it  necessary  that 
any  of  the  cultures  contain  no  mutants.  All  that  is  required  is 
a  series  of  similar  cultures  (25-100)  started  from  small  inocula. 
The  number  of  mutants  in  a  sample  from  each  culture  is  deter¬ 
mined,  a  few  of  the  cultures  are  assayed  to  give  the  average  titer, 
and  the  mutation  rate  is  calculated  according  to  the  formula 

r  —  (aN/ln2)  In  (CaN/ln2) 

where  a  is  the  mutation  rate/bacterium/division  cycle,  r  the 
average  number  of  mutants/sample  (or  per  culture,  if  whole  cul¬ 
tures  are  plated),  N  the  average  number  of  bacteria/sample  (or 
per  culture)  at  the  end  of  growth,  and  C  the  number  of  cultures. 


METHOD  3 

An  estimate  of  mutation  rate  can  be  obtained  from  the  number 
of  mutants  in  a  single  culture  if  the  inoculum  is  large  enough 
to  insure  that  several  mutations  will  occur  in  the  first  division 
(11).  Under  these  conditions,  fluctuations  caused  by  the  chance 
occurrence  of  early  mutations  are  minimized,  and  mutation  rate 
estimates  are  quite  reproducible  from  culture  to  culture.  T  he  size 
of  the  inoculum  and  volume  of  the  culture  to  be  used  depend  to 
some  extent  on  the  order  of  magnitude  of  the  mutation  rate.  For 
mutation  rates  of  the  order  of  magnitude  of  lCb8  mutations/bac¬ 
terium/generation,  an  inoculum  of  2-5  X  108  bacteria  in  a  volume 
of  about  300  ml  is  optimal. 

Start  5-10  cultures  from  an  inoculum  taken  from  a  culture 
known  to  contain  as  few  mutants  as  possible,  so  that  the  mutants 
arising  from  new  mutations  will  not  be  a  minority.  Assay  the 
inoculum  culture  to  determine  the  number  of  bacteria  and  number 
of  mutants  contained  in  the  inoculum.  Incubate  the  experimental 
cultures  to  saturation;  assay  each  of  them  to  determine  the  titei 
and  final  number  of  mutants.  Calculate  the  mutation  rate  sep¬ 
arately  for  each  culture  according  to  the  following  formula,  and 
use  the  average  value: 

a  —  2  (In  2)  (r2/N2  —  rjN,)  /  g 

where  u  and  Nx  are  the  numbers  of  mutants  and  bacteria,  respec¬ 
tively,  in  the  inoculum,  r2  and  N2  the  numbers  of  mutants  and 
bacteria  in  the  culture  at  the  end  of  growth,  and  g  the  num  >u 
ot  generations  of  growth  (V-O—Nz/N  i)- 


METHOD  4 

This  method,  based  on  the  number  of  mutant  clones  appearing 
during  growth  on  solid  medium  (3,  1,  11).  although  th  j^al  y 
applicable  to  other  cases,  has  been  used  only  for  study  of  the 
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mutation  rate  from  phage  sensitivity  to  phage  resistance  in  E.  coli. 
Spread  sensitive  bacteria  on  the  surface  of  2  sets  of  nutrient  agar 
plates  and  place  in  the  incubator.  Incubate  1  set  until  time  [1]. 
Determine  the  number  of  bacteria  on  the  plates  at  this  time  by 
washing  the  bacteria  from  the  surface  of  a  few  of  the  plates  (pipet 
10  ml  of  broth  onto  the  plate,  scrape  the  surface  with  a  glass 
spreader,  mix  thoroughly  and  assay  the  resulting  suspension). 
Spray  the  remaining  plates  with  a  fine  aerosol  mist  of  bacterio¬ 
phage  and  incubate.  The  sensitive  bacteria  are  lysed,  and  each 
resistant  clone,  regardless  of  its  size,  gives  rise  to  a  single  colony, 
since  the  members  of  a  clone  are  fixed  to  the  location  of  their 
origin  on  solid  medium.  The  2d  set  of  plates  is  incubated  until 
time  [2],  when  the  determinations  of  the  number  of  bacteria  and 
number  of  mutant  clones  per  plate  are  repeated.  Mutation  rate  a, 
for  the  period  of  growth  between  times  [  1  ]  and  [2],  can  be  calcu¬ 
lated  from  the  following  formula: 

«  =  (In  2)  (Ra  -  RJ  /  (N,  -  Nt) 

where  and  R2  are  the  numbers  of  mutant  clones  present  at 
times  [  1  ]  and  [2],  respectively,  and  Nx  and  N2  the  numbers  of  bac¬ 
teria  present/plate  at  times  [1]  and  [2],  respectively. 

This  method  is  theoretically  applicable  to  the  study  of  mutation 
rates  of  mutants  resistant  to  agents  other  than  bacteriophage, 
provided  (1)  it  is  possible  to  apply  the  agent  at  any  desired  time 
to  bacteria  growing  on  the  surface  of  solid  medium  (by  means 
of  aerosol  spray,  or  possibly  by  layering  techniques),  and  (2)  the 
agent,  when  applied,  kills  all  sensitive  bacteria  within  a  single 
generation,  without  affecting  the  resistant  mutants  and  without 
disturbing  or  scattering  their  clones. 


METHOD  5 

1  his  method  is  based  oil  the  highest  number  of  mutants  occur¬ 
ring  in  any  1  of  a  series  of  cultures  (11).  The  experimental  pro- 
cedure  is  identical  wuh  that  of  method  2.  The  culture  having 
tie  highest  number  of  mutants  presumably  contains  a  clone  re¬ 
sulting  from  the  mutation  that  occurred  earliest  in  the  entire 
senes,  as  well  as  1  or  more  smaller  clones  resulting  from  later 
imitations.  The  probable  number  of  mutants  resulting  fron  the 
earliest  mutation  can  be  estimated  by  subtracting  the  average 
number  of  mu, ants/culture  in  the  series,  which  is  approximately 

5Ta  10  the  number  ot  mutants  resulting  from  late  mutations 
1  he  mutat.cn  rate/bacterium/division  cycle  „  is  ,  "  '  n  " 
cording  to  the  following  formula  }  ’  caIculated  ac- 


a  =  (In  2)  (h  —  r)  /  CN 
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where  h  is  the  highest  number  of  mutants  occurring  in  any  of  the 
cultures,  r  the  average  number  of  mutants/culture  in  the  series, 
C  the  number  of  cultures,  and  N  the  number  of  bacteria/culture 
at  the  end  of  growth. 


II.  INDUCED  MUTATIONS 
ULTRAVIOLET  IRRADIATION 

Ultraviolet  radiation,  like  most  mutagenic  agents,  induces 
mutations  in  bacteria  only  at  doses  that  kill  most  of  the  exposed 
population.  Assuming  mutagenesis  and  killing  to  occur  inde¬ 
pendently,  induction  of  mutations  is  usually  considered  to  have 
taken  place  when  the  proportion  of  mutants  among  the  survivors 
(or  among  their  progeny)  is  higher  than  the  proportion  of  mutants 
in  the  culture  before  irradiation,  provided  differential  survival 
of  mutants  is  excluded  (see  precautions,  p.  34). 

Two  types  of  ultraviolet-induced  mutations  have  been  found 
and  analyzed  (3,  6)  in  the  case  of  mutations  to  bacteriophage 
resistance  in  E.  coli.  A  certain  number  of  induced  mutations 
(“zero-point  mutations”)  are  detected  among  the  survivors  of 
irradiation  immediately  after  treatment,  i.e.,  when  the  survivors 
are  plated  with  phage  before  undergoing  division.  Most  of  the 
induced  mutations,  however,  can  be  detected  only  aftei  the  sui- 
vivors  are  permitted  to  pass  through  1  or  more  divisions  follow¬ 
ing  irradiation  (“delayed”  or  “end-point  mutations”).  The  occur¬ 
rence  of  delayed  mutations  following  the  action  of  mutagenic 
agents  appears  to  be  a  rather  general  phenomenon  (see  p.  9). 
Somewhat  different  methods  must  be  used  in  studying  the  _  types. 

a)  Survival  e«n»«.-Establish  a  survival  curve  showing  the 
relation  between  ultraviolet  dose  and  survival  for  the  strain  to  be 
used.  Since  survival  is  markedly  affected  by  age  of  the  culture, 
method  of  exposure,  etc.,  the  same  methods  and  materials  must 
be  used  in  the  establishment  of  the  survival  curve  as  are  to  be 

used  in  the  induction  experiments. 

b)  Preparation  of  “low-background”  cultures.  -  Cultures 

should  either  be  grown  in  a  synthetic  medium  transparent  to 
ultraviolet  light  or  centrifuged  and  resuspended  in  a  nonabsorb 
ing  fluid  such  as  saline  solution  or  phosphate  buffer  The ^ 
should  be  preassayed  to  determine  the  number  of  spontaneous 
mutants  (background).  Only  cultures  having  very  low  backgrounds 
should  be  selected  for  use,  as  high  backgrounds  may  obscure 
induced  mutants,  particularly  when  the  mutagenic  effea t.s  ™  ^ 

c)  Exposure  to  radiation.- No  more  than  7  ml  of  culture 

should  be  placed  in  the  bottom  of  a  sterile  Petri  dish.  1 
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should  not  be  higher  than  about  109  bacteria/ml,  to  minimize 
the  effects  of  screening.  Use  a  General  Electric  Germicidal  lamp, 
or  some  other  source  of  ultraviolet  light  of  wavelength  253/  A. 
Operate  the  lamp  at  constant  voltage  and  routinely  allow  it  to 
burn  for  at  least  20  min  before  use.  Place  the  covered  Petri  dish 
containing  the  bacterial  suspension  directly  under  the  center  oi 
the  lamp,  at  a  distance  which  depends  on  the  desired  intensity  of 
radiation.  Time  the  irradiation  carefully,  removing  the  cover  of 
the  Petri  dish  at  the  start  and  replacing  it  quickly  to  terminate 
the  exposure.  Thorough  mechanical  stirring  of  the  suspension  is 
desirable  to  insure  uniform  exposure. 

d)  Dosage.— The  optimal  dose  for  demonstrating  the  induc¬ 
tion  of  mutations  depends  on  the  relation  between  the  lethal 
effects  and  the  mutagenic  activity  of  various  doses,  which  must 
be  determined  empirically  for  each  strain.*  In  general,  the  num¬ 
ber  of  mutants  produced  increases  with  dosage,  but  high  doses 
may  kill  so  many  bacteria  that  too  few  survivors  remain  to  permit 
the  detection  of  mutants.  For  strain  B/r  of  E.  coli,  in  the  induc¬ 
tion  of  phage  resistance,  the  most  convenient  dose  is  one  giving  a 
survival  of  10-3  to  1(H.  If  mutagenic  activity  is  weak,  it  may  be 
necessary  to  concentrate  the  irradiated  suspension  by  centrifuga¬ 
tion  to  facilitate  detection  of  mutants. 

e)  Detection  of  zero-point  mutations—  Assay  a  low-background 
culture  to  determine  the  titer  and  number  of  mutants.  The  back¬ 
ground  is  usually  expressed  as  the  number  of  mutants/standard 
number  of  bacteria,  the  standard  depending  on  the  frequency  of 
the  particular  mutation  involved;  for  phage  resistance  in  E.  coli , 
the  proportion  of  mutants  in  any  culture  is  usually  expressed  as  the 
number/108  bacteria.  Irradiate  the  culture  as  already  described. 
Immediately  after  irradiation,  assay  the  treated  suspension  to 
determine  the  number  of  survivors  and  number  of  mutants  in  a 
series  of  samples.  Express  the  proportion  of  mutants  in  the  irradi¬ 
ated  suspension  as  the  number/standard  number  of  bacteria,  using 
the  same  standard  that  was  used  in  expressing  the  background. 
Subtract  the  background  from  this  value.  The  difference  repre¬ 
sents  the  number  of  induced  zero-point  mutations.  Zero-point 
mutations  can  be  detected  only  when  it  is  possible  to  eliminate 
all  sensitive  bacteria  within  1  generation. 

f)  Detection  of  end-point  mutations— Alter  irradiation  and 
c  eterrmnation  of  the  zero-point  frequency  as  described,  the  de- 
layed  mutations  induced  by  radiation  are  detected  by  allowing 


number  T™ 

is  obtained  when  the  survival  is  1  je  or  about  37%  (8a)  .  1  °*  mutants 
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the  survivors  to  pass  through  a  number  of  divisions.  The  most 
accurate  method  of  measuring  the  frequency  of  delayed  mutations 
is  to  determine  the  mutation  rate  during  the  early  divisions  of 
the  survivors  and  to  compare  it  with  the  mutation  rate  during  the 
same  number  of  divisions  of  a  nonirradiated  population.  This  has 
been  done  only  in  the  case  of  induced  phage  resistance  in  E.  coli, 
using  method  4  (p.  30).  When  this  method  is  not  applicable, 
delayed  mutations  can  be  detected  by  inoculating  50-100  tubes 
of  liquid  medium  with  survivors  of  irradiation  and  permitting 
them  to  grow  to  saturation  (12).  The  number  of  mutants/standard 
number  of  bacteria  is  determined  for  each  culture  and  the  distri¬ 
bution  compared  with  that  obtained  from  the  same  number  of 
cultures  inoculated  with  untreated  bacteria.  The  inoculum  size 
(counting  living  cells  only)  should  be  the  same  for  the  treated 
and  untreated  culture  series.  Delayed  mutations  appearing  in  the 
earlv  divisions  of  the  irradiated  survivors  cause  a  significant 
increase  in  the  proportion  of  cultures  having  very  high  numbers 
of  mutants. 

g)  Special  precaution.— To  minimize  variability  caused  by 
photoreactivation  (8)  and  other  types  of  recovery,  the  exposure  of 
irradiated  bacteria  to  visible  light  and  the  time  before  plating 
should  be  kept  at  a  minimum  and  all  conditions  standardized  as 
carefully  as  possible. 


EXPOSURE  TO  CHEMICAL  AGENTS 

The  foregoing  methods  can  be  used  with  little  modification  to 
study  the  mutagenic  action  of  other  radiations  and  chemicals  (15). 
To  expose  bacteria  to  chemical  agents,  centrifuge  a  low-back- 
ground  culture,  wash  the  pellet  with  saline  and  resuspend  in  a 
solution  of  the  chemical.  Incubate  for  a  length  of  time  known  (by 
the  prior  establishment  of  survival  curves)  to  give  the  optimal 
survival.  Centrifuge  the  suspension  to  eliminate  the  chemical, 
wash  the  bacteria,  and  resuspend  in  saline.  The  procedure  bom 
this  point  is  the  same  as  that  for  ultraviolet-induced  mutations. 


PRECAUTIONS  IN  INDUCTION  OF  MUTATIONS 

1 .  Test  for  selective  survival  of  mutants  in  the  presence  of  junta - 
crenic  agents.- Since  known  mutagenic  agents  are  toxic  to  bacteria, 
induced  mutations  are  usually  detected  as  heightened  proportions 
of  mutants  among  survivors  rather  than  as  absolute  increases 
above  the  number  of  mutants  in  the  starting  population.  Muta¬ 
genic  activity  may,  therefore,  be  simulated  by  selective  surviva 
oi  spontaneous  mutants  present  at  the  time  of  treatment.  I  he 
sensitivity  of  the  parent  and  mutant  strains  to  the  agent  in  ques 
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tion  should  be  carefully  compared,  under  conditions  approximat¬ 
ing  those  under  which  the  suspected  induction  of  mutations 
occurred. 

Isolate  a  number  of  unrelated  mutant  strains  from  several  differ¬ 
ent  cultures  that  have  yielded  positive  results  in  induction  experi¬ 
ments.  For  each  strain  separately,  mix  a  mutant  culture  with  a 
culture  of  the  parent  strain  in  several  different  proportions.  Assay 
the  mixtures  to  determine  the  exact  ratio  of  normal  to  mutant 
bacteria.  Subject  each  mixture  to  the  treatment  used  in  induction 
experiments,  duplicating  exactly  every  step  of  the  procedure. 
Reassay  each  mixture  to  determine  the  proportion  of  mutants 
after  the  treatment.  If  the  sensitivity  of  the  mutant  to  the  destruc¬ 
tive  action  of  the  agent  is  the  same  as  that  of  the  parent  strain,  the 
ratio  of  normal  to  mutant  bacteria  after  treatment  should  show 
no  significant  change. 

2.  Test  for  clumping.— If  bacteria  are  treated  with  an  agent  to 
be  tested  for  mutagenicity,  the  capacity  of  the  agent  to  cause 
clumping  of  the  exposed  population  should  be  checked.  Clumping 
leads  to  an  underestimation  of  survival  from  the  total  colony 
count.  No  clump  is  likely  to  contain  more  than  a  single  mutant, 
however,  so  that  the  number  of  mutants  in  the  culture  will  not  be 
conespondingly  underestimated.  This  will  lead  to  an  overestima¬ 
tion  of  the  propoi  tion  of  mutants.  Clumping  thus  tends  to  increase 
the  appatent  number  of  induced  zero-point  mutations. 

To  test  for  clumping,  simply  examine  a  drop  of  the  treated 
suspension  of  bacteria  under  the  microscope  at  the  time  the  assays 
for  survival  are  made. 

3.  Test  for  effect  of  treatment  with  mutagenic  agents  on  detec¬ 
tion  of  mutants.- For  a  given  mutation,  the  procedure  used  to 
determine  the  frequency  of  mutants  in  a  normal  population  is 
usually  worked  out  and  validated  for  normal,  untreated  bacteria 
In  some  instances,  the  agent  used  may  interfere  with  the  operation 
of  the  isolation  procedure  in  a  way  that  will  tend  to  simulate  the 
induction  of  mutations.  E.g.,  quantitative  detection  of  phage- 
resistant  mutants  depends  on  the  elimination  of  all  phage-sensitive 
individuals  on  contact  with  phage  in  a  single  generation  Treat 
ment  with  certain  agents  might  alter  the  rate  of  infection  of  sensi- 
me  bacteria  by  phage,  so  that  a  sensitive  population  plated  with 

Tldf  mii5t,Pa?  through  several  divisions  before  lysis  is  complete 
This  would  lead  to  the  occurrence  of  spontaneous' phage  v71tlnt 
mu  ants  on  the  plate  and  the  proportion  of  mutant"  £? the  n  da 
sample  would  be  overestimated.  initial 

The  methods  used  to  test  for  effects  on  the  effirarv  •  , 

non  procedure  depend  „„  the  particu.ar 
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case  of  phage  resistance,  the  rate  of  infection  of  treated  sensitive 
bacteria  by  phage  could  be  compared  with  the  rate  of  infection  of 
untreated  sensitive  bacteria.  For  resistance  to  radiation  and  anti¬ 
biotics,  the  survival  curve  of  treated  sensitive  bacteria  with  radia¬ 
tion  and  antibiotics,  respectively,  should  be  compared  with  the 
survival  curves  of  normal,  untreated  sensitive  bacteria. 
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Methods  in  Yeast  Genetics 

CATHERINE  ROBERTS,  Carlsberg  Laboratorium,  Copenhagen 


INDUCTION  OF  SPORULATION 


The  discovery  that  the  life  cycle  of  certain  yeasts  consists  in 
alternation  of  haplophase  and  diplophase  generation  (22,  30)  simi¬ 
lar  to  the  life  cycles  of  higher  organisms  has  permitted  genetic 
studies  of  these  fungi,  since  cultures  originating  from  ascospores 
yield  haploid  material  suitable  for  investigations  on  segregation, 
mutation  and  hybridization.  The  ability  of  a  particular  yeast  to 
produce  ascospores  is  thus  of  fundamental  importance  in  genetic 
investigations,  but  knowledge  of  the  factors  concerned  in  inducing 
sporulation  is  inadequate  and  stock  cultures  of  many  yeasts  gradu¬ 
ally  lose  their  sporulating  ability.  For  a  comprehensive  review, 
see  Phaff  and  Mrak  (19,  20). 

In  general,  there  are  2  opposing  ideas  concerning  the  induction 
of  sporulation:  (1)  sporulation  can  be  induced  most  satisfactorily 
in  cells  held  in  a  partially  dormant  state  on  a  substratum  devoid 
of  nutrient  material  (6,  9);  (2)  active  vegetative  reproduction  on  a 
suitable  nutiient  medium  is  most  conducive  to  spore  formation. 
Both  methods  require  that  the  medium  contain  little  or  no  sugar, 
that  the  incubation  temperature  be  not  over  25  C  and  that  the 
surface  of  the  substratum  be  kept  moist. 


PROCEDURE  A 


To  obtain  actively  growing  cells,  transfer  the  culture  to  8% 

Pilsner  wort  (light  beer  wort,  as  contrasted  to  dark  Lager  wort) 

and  keep  for  48  hr  at  room  temperature;  then  transfer  to  fresh 

medium  and  keep  for  24  hr  at  25  C.  Decant  off  the  liquid,  add  a 

little  sterile  water  to  the  cells,  place  about  0.5  ml  of  the  suspension 

on  a  gypsum  block*  in  a  sterile  glass  dish  and  add  sterile  water  to 

^  H  the  dcpth  of  the  block-  Incubate  at  25  C  (or  below)  and 
examine  for  sporulation  after  48  hr. 


HaO]) wklT 3/ ^arts^ater'Afte'J  hi  T'Xmg  2  parts  8>'Psum  powder  [CaSO,.i/2 

Mock1,  are  placed  ”rias?d£hes and  'h  forms  °f  “esirid  **  «>« 

i  vcu  in  glass  cashes  and  sterilized  at  not  over  120  C  for  °  hr 
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Modifications.—  1.  With  certain  yeasts,  e.g.,  Zygosaccharomyces 
spp.,  it  is  advisable  to  moisten  the  block  with  Pilsner  wort  instead 
of  water,  for  the  vegetative  cells  of  these  species  are  predominantly 
in  haplophase,  and  copulation  leading  to  restoration  of  the  diplo- 
phase  preceding  sporulation  may  be  stimulated  by  the  addition 
of  nutrients. 

2.  Some  investigators  prefer  working  with  gypsum  slants  in 
test  tubes  to  minimize  contamination  (8). 

3.  Instead  of  beer  wort,  Lindegren  and  Lindegren  (14)  recom¬ 
mended  a  special  presporulation  medium  before  transfer  to  gyp¬ 
sum.  It  contains  an  extract  of  beet  leaves  and  roots,  apricot  juice, 
grape  juice,  dried  yeast,  glycerin  and  calcium  carbonate,  and 
added  agar. 


PROCEDURE  B 

Actively  growing  cultures  are  transferred  to  test  tubes,  incu¬ 
bated  at  room  temperature  and  after  48  hr  examined  periodically 
directly  from  the  slant  for  sporulation.  Some  commonly  used 
media  follow: 

1.  Gorodkowa  agar:  peptone,  1.0%;  glucose,  0.25%;  NaCl, 
0.50%;  meat  extract,  1.0%;  agar,  2.0%;  in  water. 

2.  Vegetable  wedges:  washed,  unpeeled  wedges  of  potato,  carrot, 
beet  or  cucumber  are  placed  in  test  tubes  and  2-4  ml  of  watei 
added  before  sterilization. 

3.  Mrak’s  vegetable  agar:  Equal  weights  of  washed,  unpeeled 
carrots,  beets,  cucumbers  and  potatoes  are  ground  and  mixed  with 
water  equaling  total  weight  of  the  vegetables.  After  autoclaving 
and  filtering  through  cheesecloth,  2%  agar  and  2%  dried  yeast 

(Fleischman  no.  2040  (18a))  are  added. 

4.  V-8  agar  (29):  One  can  (1  pt,  2  fluidounces)  of  V-8  vegetable 

juice  (Standard  Brands,  Terre  Haute,  Ind.)  containing  8  vegeta¬ 
bles  is  adjusted  to  pH  6.8  and,  after  addition  of  i/2  cake  ^pressed 
yeast,  steamed  for  10  min.  After  readjustment  to  pH  6.8,  add  an 
equal  volume  of  hot  distilled  H20  containing  4%  agar  and  steri¬ 
lize  for  15  min  at  1 15  lb  pressure. 

Evaluation.— Because  of  the  great  variability  in  SP"“ 
ability  among  the  yeasts,  much  of  which  is  genetically  contro  1  , 

and  because  ^of  ignorance  of  the  basic  factors  concerned  .n  th 
induction  of  sporulation,  a  critical  evaluation  o  met  d 
difficult.  However,  excellent  sporulat.ng  material  can  be  ob 
on  both  gypsum  blocks  and  vegetable  agar:  ftirthermore,  a 
tube  culture  has  an  advantage  over  one  in  a  glass  d^t  in  that  the 
risk  of  air  borne  contamination  is  considerably  lessened. 
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ISOLATION  OF  SPORES 

Once  sporulation  has  been  obtained,  the  spores  contained  in  a 
single  ascus  must  be  separated  and  isolated.  The  small  size  and 
lack  of  pigmentation  of  yeast  ascospores  necessitates  the  use  of  a 
micromanipulator  (Chambers,  Zeiss,  de  Fonbrune,  etc.).  Since  any 
method  requires  much  practice  and  may  be  modified  to  suit  the 
investigator,  only  the  highly  satisfactory  procedure  developed  at 
the  Carlsberg  Laboratorium  is  discussed  here. 

PROCEDURE 

a)  Micromanipulator —The  Zeiss  gliding  micromanipulator, 
ideal  for  all  types  of  spore  manipulation,  consists  essentially  of  a 


need  e  holder  connected  to  2  gliding  steel  plates  separated  by  a 
thin  layer  of  stopcock  grease  and  petrolatum.  One  pair  of  plates  is 
situated  on  either  side  of  the  microscope,  permitting  the  use  of  2 
needles  simultaneously.  h  * 

b)  Needles.- Usually  2  glass  needles  are  used,  1  about  2  »  the 
other  5  /x  tip  diameter.  Thaysen  and  Morris  (28)  described  a 
simple  microforge  for  obtaining  needles  of  desired  form  and  size 
such  an  instrument  is  not  available,  the  needles  canwkhpac' 

2  burnlr  6  Y  hantI’  USing  a  dissecting  m^scopemc. 

sterilhld  t,ClnS  mSer.ted  111  tlle  isolation  chamber  the  needle  is 
sterilized  by  immersing  in  concentrated  h  so  ,  •  . 

tilled  H  n  and  •  •  .  atea  H2S04,  washing;  in  dis¬ 
tilled  HoO  and  immersing  m  70%  alcohol.  S 
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c)  Isolation  chambers— A  glass  chamberf  (Fig.  1)  is  prepared 
in  a  specially  constructed  operating  box  (30).  A  sterile  chamber 
with  cotton  plugs  in  both  arms  is  sealed  onto  a  sterile  slide  with 
melted  wax.  A  few  drops  of  sterile  H20  are  placed  in  the  bottom 
of  the  chamber  and  its  upper  rim  is  coated  with  paraffin  oil  and 
petrolatum.  With  a  microloop  8  droplets  of  Pilsner  wort  are  placed 
in  2  rows  on  a  sterile  circular  cover  slip  and  a  larger  droplet,  con¬ 
taining  a  suspension  of  asci,  is  placed  in  relation  to  the  sterile 
droplets  as  diagrammed  in  Figure  2.  The  cover  slip  is  then  in¬ 
verted,  placed  on  the  chamber  and  sealed  in  place  by  a  heated 
needle  applied  to  its  rim. 

d)  Operation  —  Needle  transport  of  cells,  asci  or  spores  is  car¬ 
ried  out  in  microdroplets  of  H20  which  condenses  on  the  under¬ 
surface  of  the  cover  slip.  Actual  dissection  of  the  ascus  is  possible 
only  when  HoO  has  been  removed  from  its  vicinity. 

A  single  ascus  is  removed  from  the  large  droplet  and  carried  on 


Fig.  2. — Diagram  of  a  cover  slip  on  which  are 
placed  8  sterile  wort  droplets  and  a  larger  droplet 
containing  a  suspension  of  the  asci  to  be  dissected. 


a  needle  to  a  position  near  1  of  the  wort  droplets.  The  HoO  in 
contact  with  the  ascus  is  then  removed  and  sufficient  pressure 
exerted  on  the  ascus  by  the  needle  to  rupture  its  wall.  Both  needles 
are  used  in  actual  separation  of  the  liberated  spores,  which  are 
then  transported,  each  to  a  separate  wort  droplet.  Spores  from 
2  asci  are  usually  isolated  in  1  chamber,  the  4  from  each  being 
placed  in  1  row.  The  chamber  is  then  incubated  at  25  C.  When 
the  colonies  have  become  visible  to  the  naked  eye,  they  are  trans¬ 
ferred  to  Pilsner  wort  in  Freudenreich  flasks^  on  small  triangles 
of  sterile  filter  paper,  1  being  used  to  suck  up  each  entire  colony 
An  alternative  method  (1)  of  transfer  is  with  a  small  glass  pear 
melted  on  a  needle  tip  with  a  microflame.  Under  the  micioscope 
this  is  touched  to  the  colony  in  the  droplet  removed  r°™ 
chamber  with  many  cells  adhering,  and  broken  off  in  a  suitable 
nutrient  medium.  By  this  method,  since  t  ie  trails  er  s 
plished  under  the  microscope,  very  young  colonies  invisible  to 
naked  eye  can  be  transferred. 

■  ^Obtainable  from  M.  Charles  Amale.  40,  rue  lie  la  Montague  Sainle  Gene- 
vi^ve.  Paris,  France.  „  n.-i,  in  cm  hieh  and  2.5  era  in 

diameuinwltffa^roumfglass  caf  town  01S  lo  a  short  tube,  0.2  cm  in  diameier, 
plugged  with  cotton. 
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e)  Evaluation. -Once  the  technique  is  mastered,  isolation  of 
ascospores  is  only  a  matter  of  minutes.  Including  preparation  o 
chambers,  one  can  easily  isolate  the  16  spores  from  4  asci  in  1  hr. 

MACROSCOPIC  APPEARANCE  OF  CULTURES  (GIANT  COLONIES) 

The  macroscopic  appearance  of  yeast  cultures  is  often  significant 
in  genetic  studies,  since  it  may  disclose  segregation  in  genetically 
different  types  and  mutation  or  variation  in  a  single  type.  In 
investigations  of  segregation  with  regard  to  pigmentation,  simple 
streak  cultures  on  agar  slants  disclose  any  differences,  but,  in 
general,  descriptions  of  macroscopic  appearances  are  based  on 
“giant  colonies,’’  described  below. 

PROCEDURE  A 

Wort  gelatin,  the  standard  substratum  for  growth  of  giant  colo¬ 
nies,  is  made  by  adding  10%  gelatin  to  8%  Lager  or  Pilsner  wort 
and  heating  until  the  gelatin  is  completely  dissolved.  If  much 
sediment  occurs,  the  supernatant  liquid  is  decanted  off,  for  filtra¬ 
tion  may  remove  essential  growth  factors.  The  medium  is  auto¬ 
claved  twice,  for  20  min  each  time.  A  fairly  thick  layer  is  poured 
into  Petri  dishes  and  inoculations  are  made  from  young,  actively 
growing  cultures  by  a  microloop.  The  inoculated  plates  are  main¬ 
tained  at  15  C.  Seven  inoculations  can  be  made  in  1  standard  Petri 
dish  (92  mm  diameter).  To  detect  variable  appearances,  at  least  2 
inoculations  from  1  culture  should  be  made  in  the  same  plate. 

PROCEDURE  B 

Mrak  (unpublished)  has  used  cotton-plugged,  4  oz  crown  cap 
bottles  for  growing  giant  colonies.  A  thicker  layer  of  medium  is 
used  than  in  procedure  A  and  only  1  inoculation  is  made  in  each 
flask. 

Evaluation. — Giant  colonies  grown  at  15  C  on  wort  gelatin 
develop  far  more  details  of  sculpturing  and  sectoring  than  those 
grown  on  other  substrates,  e.g.,  malt  agar.  At  higher  incubation 
temperatures,  growth  rate  is  increased  but  colony  characteristics 
aie  less  pronounced.  Air-borne  contamination  is  eliminated  in 
cotton-pluggecl  bottles,  but  the  greater  number  of  colonies  and 

ease  of  photographing  in  a  Petri  dish  makes  this  container  pref¬ 
erable.  1 

HYBRIDIZATION 

The  artificial  hybridization  of  yeasts  has  opened  wide  possibili¬ 
ties  for  studies  of  inheritance. 

PROCEDURE  A 

In  this  method  (31),  individual 


ascospores  are  used  and  the 
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process  is  carried  out  under  the  microscope  so  that  copulation 
can  be  observed  directly.  A  cover  slip  is  prepared  as  in  Figure  2, 
except  that  2  larger  droplets  are  placed  at  the  right,  each  contain¬ 
ing  a  different  suspension  of  asci,  and  only  2  sterile  wort  droplets 
are  placed  in  each  of  the  2  rows,  since  only  4  crossings  are  made 
in  each  chamber.  An  ascus  from  each  of  the  2  types  to  be  crossed 
is  removed  from  the  suspension  and  the  4  spores  from  both  asci 
are  isolated.  The  spores  are  paired  just  outside  a  wort  droplet;  if 
HoO  is  completely  removed  from  their  vicinity,  they  will  adhere 
to  one  another  and  are  easily  slid  just  inside  the  margin  of  the 
wort  droplet,  where  they  remain  in  contact  (Fig.  3).  If  placed  too 


Fig.  3  (left). — Diagram  of  a  hybridization  experiment  in  which  the  2 
spores,  in  contact  with  one  another,  are  placed  within  a  sterile  wort  droplet. 

Fig.  4  (right). — A,  diagram  of  copulation  between  2  spores  resulting  in 
production  of  a  hybrid.  The  1st  bud  of  the  zygote  is  in  a  lateral  position, 
with  a  2d  bud  forming  in  the  normal  position. 

far  toward  the  center  of  the  droplet,  it  may  be  difficult  to  find 
them  in  the  early  stages  of  germination.  Such  crossings  are  usually 
made  between  4  and  6  p.m.  and  the  moist  chambers  incubated  at 
15  C  overnight.  Germination  usually  commences  after  16-18  hr, 
permitting  observations  the  next  morning.  1  he  1st  bud  of  a 
typical  zygote  (Fig.  4,  A)  normally  forms  at  the  region  of  copula¬ 
tion,  but  it  may  be  to  1  side,  with  a  2d  bud  in  the  normal  position 
midway  between  the  spores  (Fig.  4,  B).  Therefore,  observations 
should  be  made  before  the  1st  bud  has  formed,  since  1  (or  both) 
of  the  spores  may  send  out  a  bud  before  copulation,  lesulting  in  a 
mixture  of  haploid  and  diploid  material  during  fuithei  de\e  op- 
ment  of  the  hybrid.  If  the  1st  observation  of  a  zygote  shows  a  bud 
in  normal  position,  and  also  a  lateral  bud,  the  latter  must  be 
removed  by  dissection  to  insure  that  only  the  diploid  hybuc 
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remains  in  the  droplet.  After  further  incubation  at  25  C  for  48-72 
hr,  the  hybrid  colony  is  transferred  to  wort  by  the  filter  paper  or 
glass  pearl  technique  (p.  40). 

It  is  not  to  be  inferred  that  a  hybrid  is  produced  every  time 
2  spores  of  different  types  arc  paired  in  this  manner.  Compatibil¬ 
ity,  adherence  and  time  of  germination  are  limiting  factois.  In 
our  experience,  only  about  1  crossing  of  every  15  attempted  will 
yield  a  zygote. 

PROCEDURE  B 

In  this  method  (13),  actively  growing  cells  of  2  compatible 
haploid  cultures  are  mixed  in  a  little  liquid  nutrient  medium  and 
incubated  for  12  hr  at  25  C  to  insure  cellular  copulation.  The 
mixture  is  then  transferred  to  fresh  medium. 

Evaluation—  In  the  absence  of  sporulation  in  the  parent  strains 
owing  to  their  haploid  nature,  procedure  B  must  be  used.  With 
this  method,  the  parent  strains  are  not  “used  up”  in  the  crossing 
but  are  available  for  further  study,  whereas  in  procedure  A  the 
parent  strains  are  lost.  However,  spontaneous  diploidization  of 
haploid  strains  is  common,  so  that  asci  obtained  from  a  mixture 
of  2  cultures  may  originate  from  3  types  of  zygotes,  each  of  differ¬ 
ent  genetic  constitution:  the  true  hybrid  and  the  spontaneous 
diploids  of  the  parent  types.  In  procedure  A,  no  such  possibility 
exists,  so  for  exact  genetic  studies  this  technique  is  by  far  the 
preferable  one. 


ANALYSIS  OF  FERMENTATIVE  ABILITY 

In  studies  of  the  inheritance  of  the  enzymes  responsible  for 
fei  mentation  it  is  often  necessary  to  determine  the  fermentative 
characters  of  many  yeast  cultures  of  different  genetic  constitution. 
Generally,  only  a  simple  qualitative  method  is  required,  but  the 
fermentative  ability  of  the  particular  strain  sometimes  must  be 
analyzed  quantitatively.  Fermentometers  commonly  used  for  these 
purposes  are  described  here. 


PROCEDURE  A 

The  Durham  tube  is  a  glass  cylinder  closed  at  1  end  and  inverted 
in  an  ordinary  test  tube.  A  2%  solution  in  yeast  water  of  the  sugar 
to  )e  tested  is  added  until  the  test  tube  is  a  little  less  than  half  full 
During  autoclaving  the  inverted  vial  becomes  filled  with  the 

Sr  COmeK  “  T  at  the  bottom  of  the  Ulbe-  The  tube  is 
oculated,  incubated  at  optimal  temperature  for  fermentation 

and  observed  periodically  for  gas  (CO„)  in  the  inverted  vial. 
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PROCEDURE  B 

A  few  drops  of  a  heavy  suspension  of  the  organism  in  water  are 
placed  in  the  Einhorn  saccharimeter  (Fig.  5)  and  a  2%  solution 
of  sugar-yeast  water  is  poured  in  until  the  open  arm  is  3^  full. 
By  tilting  several  times,  the  liquid  fills  the  closed  arm  and  extends 
a  short  distance  up  the  bulb.  The  saccharimeter  is  placed  at  25  C 
and  observed  periodically  for  the  formation  of  gas  in  the  closed 
arm.  If  fermentation  is  rapid,  the  liquid  in  the  closed  arm  may  be 
totally  displaced  by  gas  in  12  hr. 

PROCEDURE  C 

The  Winge  fermentometer  (32)  (Fig.  6)  consists  of  a  glass  U-tube 
7-8  mm  in  diameter  and  7-8  cm  high,  with  the  tip  of  the  right- 


Fig.  5  {left). — Diagram  of  the  Einhorn  saccharimeter  (modified  type, 
after  Winge). 

Fig  6  {center). — Diagram  of  the  Winge  fermentometer. 

Flo.  7  {right). -Diagram  of  the  van  Iterson-Kluyver  fermentometer. 


hand  arm  drawn  out  to  1.5-2  mm  diameter.  About  2  ml  of  a 
suspension  of  the  organism  in  a  2%  sugar-yeast  wamr  solutton  is 
poured  into  the  left-hand  arm  and  sterile  Hg  added  On  tilting, 
i  •  fills  tfip  snace  in  the  right-hand  arm  above  the  Hg 

[eve^amTthe  remainder  comes  to  rest  above  the  Hg  level  m  the 
Mt  hand  arm.  A  tight-fitting,  sterile  rubber  cap  is  place,  over  the 
tip  of  the  right-hand  arm  and  the  apparatus  placed  a  tac  , 
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incubated  at  25  C  and  observed  periodically  for  production  of  gas 
in  the  right-hand  arm.  Displacement  of  Hg  has  been  noted  within 

4  hr. 


PROCEDURE  D 

The  van  Iterson-Kluyver  fermentometer  consists  essentially  of  a 
glass  U-tube  about  30  cm  high  with  the  right-hand  arm  graduated 
in  millimeters  (Fig.  7).  With  stopcock  B  closed  and  A  open,  sterile 
Hg  is  poured  in  the  right-hand  until  its  upper  level  is  above 
stopcock  A,  which  is  then  closed.  One  to  2  ml  of  a  suspension  of 
the  organism  in  a  2  or  4%  solution  in  yeast  water  of  the  sugar 
to  be  tested  is  added  to  the  right-hand  arm  above  the  Hg.  This 
arm  is  closed  with  a  cotton  plug  and  both  stopcocks  are  opened 
to  allow  Hg  to  run  out  until  the  lower  level  of  the  suspension 
comes  to  rest  below  stopcock  A.  The  Hg  meniscus  in  the  right- 
hand  arm  is  carefully  adjusted  to  the  1  ml  mark.  Stopcock  A 
is  closed  and  Hg  allowed  to  run  out  of  the  left-hand  arm  until 
its  upper  level  is  only  a  little  above  stopcock  B,  which  is  then 
closed.  T  he  apparatus  is  maintained  at  optimal  temperature  for 
fermentation,  and  readings  from  the  right-hand  arm  are  used  to 
determine  total  volume  of  gas  produced,  after  corrections  for 
temperature  and  barometric  pressure. 


PROCEDURE E 


The  Warburg  manometer  may  also  be  used  for  quantitative 
determination  of  C02  production.  Detailed  descriptions  of  the 
apparatus  are  generally  available  (5,  28a). 

Evaluation.— The  Winge  fermentometer  seems  most  satisfac¬ 
tory  for  rapid  qualitative  determinations.  It  is  easily  made  at  little 
expense,  occupies  little  room  (20  can  be  placed  on  a  3  X  18  in. 
rack)  and  has  the  distinct  advantage  of  requiring  only  a  small 
amount  of  sugar  solution.  In  addition,  there  is  no  possibility  for 
gas  diffusion.  The  van  Iterson-Kluyver  apparatus  is  highly  recom¬ 
mended  for  quantitative  determinations,  even  though  expensive 
and  somewhat  awkward  to  handle. 


In  procedures  A-D,  vegetative  reproduction  of  the  yeast  cells 
occurs  during  fermentation  (which  may  last  from  1  to  several 
days),  as  the  solution  in  which  the  cells  are  suspended  contains 
the  sugar  to  be  tested  plus  yeast  extract.  In  the  Warburg  manom¬ 
eter  however,  the  cells  may  be  suspended  in  a  medium  with  or 
without  a  source  of  nitrogen,  but  since  this  technique  affords  a 
means  of  measuring  the  fermentation  of  a  relatively  large  number 

culture  "j1  a.smal|  amount ;of  licluid  in  a  few  hours,  growth  of  the 
culture  during  the  experiment  has  little  significance.  In  particu- 
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lar,  selective  giowtli  of  fermentative  phenotypes  can  be  avoided. 
Since  it  is  difficult  to  maintain  sterility  in  a  Warburg  manometer 
during  a  long-term  experiment  and  since  the  gas  produced  may 
diffuse  out  of  the  apparatus,  its  use  is  impractical  in  identification 
of  yeast  genotypes  which  only  carry  genes  for  the  slow  rate  of 
fermentation  of  a  particular  sugar.  When  the  phenomenon  of 
enzymatic  adaptation  and  concomitant  problems  of  mutation  and 
selection  are  being  investigated,  exclusion  of  growth  may  be  sig¬ 
nificant  in  measuring  fermentation.  This  may  be  accomplished  by 
use  of  a  growth  inhibitor  or  absence  of  a  nitrogen  source.  For 
information  relative  to  the  nature  of  adaptive  enzymes  and  tech¬ 
niques  employed  in  their  study,  reference  should  be  made  to 
Stephenson  and  Yudkin  (23a),  Monod  (16a)  and  Spiegelman  and 
Reiner  (21a). 

DETERMINATION  OF  VITAMIN  SYNTHESIZING  ABILITY 

In  investigations  on  inheritance  of  the  ability  of  yeast  hybrids 
to  synthesize  various  vitamins,  the  various  genotypes  are  analyzed 
for  their  ability  or  inability  to  grow  in  a  synthetic  basal  medium 
supplemented  with  1  or  more  of  the  vitamins  to  be  tested. 

PROCEDURE  A 

Burkholder’s  basal  medium  (4)  consists  of  the  following  com¬ 
pounds/1  solution:  dextrose,  20  g;  recrystallized  asparagine,  2.0  g; 
KH2P04,  1.5  g;  MgS04*7Ho0,  0.5  g;  CaCl2*2H20,  0.33  g; 
(NH4)2S04,  2.0  g;  KI,  0.1  mg.  The  following  trace  elements  are 
added  (in  ppm):  B,  0.01;  Mn,  0.01;  Zn,  0.07;  Cu,  0.01;  Mo,  0.01; 
Fe,  0.05.  The  following  vitamins  are  added  as  desired  (in  ^g/1): 
thiamine,  200;  riboflavin,  100;  pyridoxine,  200;  niacin,  200;  biotin, 
0.2;  pantothenic  acid,  200;  inositol,  1000.  The  medium  is  adjusted 
to  pH  5  with  NaOH  and  the  tubes  are  plugged  with  long  fiber 
cotton.  The  stock  cultures,  maintained  on  agar,  are  transferred 
to  the  basal  medium,  and  a  loopful  of  this  suspension  is  used  as 
the  inoculum  for  5  ml  of  the  vitamin-supplemented  medium.  The 
cultures  are  maintained  at  25  C  for  72  hr,  after  which  turbidity 
measurements  are  recorded  with  a  Klett  photoelectric  colorimeter. 

Modifications.— 1.  Lindegren  and  Rant  (15,  16)  using  Be¬ 
holder’s  technique,  found  that  turbidity  readings  taken  after  72  hr 
were  diagnostic  in  the  sense  that  differences  were  apparent  be¬ 
tween  “synthesizers”  and  “nonsynthesizers  ”  However,  “nonsynthe- 
sizing;”  types  may  give  delayed  growth  after  as  much  as  600  hr;  the 
authors  recommend  that  the  observation  period  be  considerably 

lengthened. 
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2.  Hartelius  (10)  recommends  use  of  the  following  basal 
medium  for  yeasts:  sucrose,  100  g;  (NH4)2S04,  1  g;  KH2P04,  1  g; 
MgS04*7H20,  0.7  g;  CaCl2«6H20,  0.4  g;  NaCl,  0.5  g; 
FeCl3*6H20,  5  mg.  Water  is  added  to  make  1  1  of  solution. 

PROCEDURE B 

Lederberg  and  Tatum’s  technique  for  detection  of  biochemical 
mutants  in  bacteria  (11)  has  also  been  used  to  test  the  growth  of  a 
yeast  having  multiple  vitamin  deficiencies  when  various  combina¬ 
tions  of  the  vitamins  were  present  (15).  An  agar  plate  of  the  basal 
medium  alone  is  poured  in  3  layers,  the  middle  layer  containing 
about  500  cells  of  the  organism.  In  the  center  of  each  plate  is 
placed  a  penicillin  assay  cup  containing  a  solution  of  the  various 
combinations  of  vitamins.  Results  are  obtained  by  comparing  the 
number  of  colonies  developing  in  the  presence  of  the  different 
vitamin  combinations. 

Evaluation.— Regardless  of  the  technique,  the  results  have  not 
given  a  clear  understanding  of  the  mode  of  inheritance,  and  a 
satisfactory  standard  technique  has  not  been  developed.  The 
problem  is  complicated  and  results  may  be  influenced  by  growth 
rate,  mutation,  adaptation,  composition  of  the  basal  medium  and 
duration  of  the  experiment. 


INDUCTION  OF  MUTATION 

Spontaneous  changes  in  yeasts  maintained  in  culture  have  long 
been  tecognized.  \east  cells  are  susceptible  to  the  mutagenic 
eilects  of  ultraviolet  light,  roentgen  rays,  radium  emanations  and 
numerous  chemicals,  so  that  mutations  involving  both  morpho¬ 
logic  and  physiologic  characters  may  be  artificially  induced.  In 
addition  to  true  mutations,  temporary  variations  can  be  induced 
in  yeasts.  A  haplophase  culture  is  the  more  satisfactory  for  induc¬ 
tion  of  mutation,  since  in  the  diplophase  the  effect  of  an  alteration 
in  a  gene  may  be  masked  by  its  natural  allelomorph. 

According  to  Subramaniam  and  Krishna  Murthy  (25),  muta¬ 
tions  may  be  induced  by  exposing  a  young,  vigorously  growing 

cultuie  of  yeasts  to  a  mercury  arc  and  plating  the  treated  material 
24  hr  after  exposure. 

At  the  Carlsberg  Laboratorium,  mutations  have  been  induced 
hiough  x-ray  action,  using  a  Philips  tube  (Metalix).  Satisfactory 
osage  for  the  induction  of  mutation  is  18,000-20,000  r.  After  irra- 
dia  ion,  the  cells  are  transferred  to  a  liquid  medium  or  directly 
plated  on  an  agar  medium  after  suitable  dilution.  For  a  detailed 

lee  RillrdsCO(”l)aratIVe  °"  ye3St  S™wth- 
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Mutants  in  S.  cerevisiae  have  been  induced  either  through  the 
action  of  radium  emanation  dissolved  in  the  culture  medium  (18) 
or  by  exposure  of  hanging  drop  cultures  to  the  radiation  from 
sealed  radium  tubes  (3). 

Most  chemically  induced  changes  in  yeasts  have  been  brought 
about  by  camphor,  acenaphthene  and  related  substances.  Bauch 
(2)  either  added  crystals  to  the  inoculated  liquid  culture  medium 
or  exposed  hanging  drop  cultures  to  the  vapors  from  crystals 
placed  in  the  chamber.  Similar  methods  were  used  by  Subraman- 
iam  (24)  and  Thaysen  and  Morris  (27),  whereas  Levan  and 
Sandwall  (12)  used  absolute  ethyl  alcohol  as  a  solvent.  Using 
alcoholic  solution  of  camphor,  Skovstecl  (23)  found  that  the  most 
effective  final  concentrations  for  induction  of  mutations  were 
0.2-0.4%  when  added  to  Lager  wort.  Tatum  and  Reaume  (26) 
have  observed  that  mustard  gas  produces  mutations  in  yeasts. 
Ephrussi  et  al.  (7)  have  analyzed  a  mutation  induced  by  acri- 

flavine. 

Evaluation.- Since  data  on  the  comparative  frequency  of  yeast 
mutations  induced  by  various  means  are  not  available  and  since 
any  technique  capable  of  producing  a  permanent  change  in  the 
culture  may  be  considered  satisfactory,  an  evaluation  of  the  meth¬ 
ods  used  has  little  meaning.  Of  greater  significance  is  to  know 
that  the  change  produced  is  an  inheritable  rather  than  a  tem¬ 
porary  variation  and  to  analyze  the  behavior  of  each  mutant 
character  following  hybridization. 

Note. — This  section  was  reviewed  by  0jvind  Winge. 
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Selected  Methods  of  Neurospora  Genetics  * 

FRANCIS  J.  RYAN,  Columbia  University 


Neurospora,  a  fungus  used  extensively  for  study  of  biochemical 
genetics,  has  the  dual  advantage  of  exhibiting  orthodox  genetic 
behavior  in  easily  manageable  sexual  crosses  and  of  growing 
rapidly  in  chemically  defined  media.  Thus  it  has  been  possible  to 
procure  and  examine  mutants  affecting  subtle  biochemical  char¬ 
acteristics.  E.g.,  some  mutants  are  unable  to  synthesize  and  hence 
require  some  factor  for  growth.  For  recent  reviews  of  progress  in 
Neurospora  genetics  see  (3),  (8),  (34),  (38)  and  (58). 


I.  LIFE  CYCLE 


A  stock  of  wild-type  Neurospora  established  from  a  single  sexual 
spore  is  genetically  homogeneous  and  grows  as  a  mycelial  mat 
consisting  of  threads,  or  liyphae,  which  branch  and  fuse.  The 
mycelial  cytoplasm  is  continuous,  contains  many  intermingling 
haploid  nuclei  and  during  growth  moves,  through  perforations 
in  the  cross  walls,  toward  the  tips  of  the  hyphae.  Hyphae  that 
extend  into  the  air  may  constrict  into  rows  of  oval,  multinucleate, 
asexual  spores  about  7  fx  long  (conidia).  They  will  not  germinate 
until  transplanted  into  fresh  medium,  where  they  form  a  new 
mycelium.  Another  type  of  asexual  spore,  a  spherical  structure 
about  3  fx  in  diameter,  is  the  microconidium,  produced  in  stocks 
of  special  genotype  and  uninucleate. 


A  eurospora  crassa  (64)  occurs  as  2  mating  types,  A  and  a,  deter¬ 
mined  by  a  difference  in  a  single  gene.  Each  type  is  normally  able 
to  produce  primordial  reproductive  organs  or  protoperithecia- 
small,  dark  brown  bodies  from  the  bases  of  which  extend  lono- 
receptive  hyphae  (trichogynes).  A  nucleus  from  a  conidium  or 
mycelial  fragment  which  fuses  with  a  trichogyne  of  the  opposite 
mating  type  can  pass  into  the  body  of  the  protoperithecium, 
"  eiC  U  continiies  to  divide.  The  newly  formed  nuclei  singly  enter 
projections  in  the  perithecium  (proasci)  where  they  fuse  with  the 
haploid  maternal  nuclei  of  the  opposite  mating  type.  The  first  2 
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divisions  of  the  diploid  zygote  nucleus  are  meiotic,  and  the  chromo¬ 
some  number  is  reduced  from  14  (diploid)  to  7  (haploid).  An 
additional  mitotic  division  results  in  8  nuclei,  arranged  in  a  row 
in  the  ascus  in  the  order  of  their  formation  during  meiosis.  By 
development  of  cell  walls  around  each  nucleus  the  oval  sexual 
spores,  about  28  ^  long,  are  cut  out.  Sister  spores  are  as  a  conse¬ 
quence  genetically  identical,  and  the  order  of  characters  among 
the  spores  reflects  the  events  of  meiosis.  During  maturation  these 
ascospores  blacken  and  each  comes  to  possess  2  nuclei  by  addi¬ 
tional  mitotic  division.  When  isolated  and  heat-activated  (a  heat 
shock  is  required  for  germination)  each  ascospore  forms  a  haploid 
genetically  homogeneous  mycelium  of  1  or  the  other  mating  type. 
This  mycelium  may  then  propagate  itself  by  vegetative  reproduc¬ 
tion  or  may  mate  with  the  opposite  mating  type. 


II.  MEDIA 

All  glassware  should  be  scrupulously  cleansed  by  a  detergent, 
followed  by  bichromate-sulfuric  cleaning  solution,  about  6  rinses 
in  tap  water  and  several  rinses  in  distilled  water.  Chemicals 
should  be  reagent  grade.  For  sterilization,  autoclave  lots  up  to 
500  ml  of  medium  at  15  lb  for  10  min,  and  15  1  lots  in  5  ga 
carboys  for  30  min.  Medium  can  be  stored  in  2  1  bottles  fitted 
with  a  sterile  siphon  tipped  with  a  glass  tube  that -inserts  through 
the  bottom  of,  and  about  8  cm  into,  an  inverted  20  X  150  mm 
test  tube.  Plug  the  tube  mouth  with  cotton  and  autoclave  the 

whole  apparatus  with  the  medium. 

A.  Minimal  medium.- This  medium,  so  called  because  it  sup¬ 
ports  wild  types  (59),  consists  of 


(NH4)  o  tartrate 
NH4NO3 

KHol’O, 


5.0  g 

1.0  g 
1.0  g 


MgS04»7H20 

NaCl 

CaClo 


Add  the  following  trace  elementst  (per  liter): 

»  i  .  A  U  / 


MnClo»4H20 
(NH1)0Mo7O21«4H2O 
ZnS(V7H20 


0.5  g 

0.1  g 

0.1  g 


72  mg 


37  mg 
8807  mg 


Na„B4OT«10H2O  88  mS 

CuS04.5H20  393  mg 

Fe,(SO.),6H  O  mg  ^  tQ  make  , 

Md  Xrnd^o'bout  900  ml  of  — d  water,  disso.ve 
and  bring  solution  to  1  1.  Final  p  is  •  Since 

B-  Agar.— Minimal  agar  may  1 Mantes  and  vita- 

Bacto-agar  (powdered)  com  hj  Y  before  ^  In  a 

mins  and  amino  acids  (59)4  it  snomu 

- - - -  v  used  provided  the  following 

M- 20 

M  JSee, 'however .^com'nfen t  by  B.  D.  Davis,  page  16. 
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5  gal  carboy  with  a  3-holed  stopper  introduce  1  lb  of  agar,  feed 
distilled  water  through  a  glass  tube  reaching  to  the  bottom,  and 
shake  the  vessel  vigorously.  After  settling  for  i/2  hr  the  agar  half 
fills  the  carboy.  A  3d  glass  tube,  reaching  almost  to  the  agar, 
siphons  off  the  supernatant.  After  repeating  the  washing  15  times 
(within  2  days  to  avoid  biologic  contamination),  collect  the  agar 
by  filtering  with  suction  through  coarse  paper  in  a  large  Buchner 
funnel,  place  in  a  battery  jar,  cover  with  95%  alcohol  and  let 
stand  for  about  12  hr.  Then  filter,  resuspend  in  95%  alcohol  for 
about  4  hr  and  filter  again.  Bring  the  same  volume  of  95%  alcohol 
to  boiling,  introduce  the  agar  and  again  bring  to  boiling.  Then 
filter  the  suspension  until  most  of  the  alcohol  is  extracted  (about 
1/2  hr).  Spread  the  white  fluffy  agar  on  aluminum  foil  to  dry.  Do 
not  use  heat.  The  product  should  be  powdery,  white  and  clean.  If 
lumpy,  it  can  be  made  granular  by  dry  agitation  in  a  Waring 
blendor. 

C.  Supplemented  media.— A  “complete”  medium  consists  of 
minimal  medium  supplemented  with  growth  factors  both  known 
and  unknown  (6).  One  convenient  for  routine  use  contains  0.5% 
yeast  extract  (Difco)  and  0.5%  of  an  enzymatic  digest  of  casein  (N  Z 
Case);  an  acid  hydrolysate  (Difco  Casamino  acids)  supplemented 
with  5  mg  of  L-tryptophane/100  ml  may  be  substituted.  For  better 
conidiation,  many  workers  carry  stocks  on  the  following  complete 
medium  (27): 


K  tartrate 

NaNOa 

KHoPO, 

MgS04.7H20 

NaCl 

CaCl, 


5.0  g 
4.0  g 
l.Og 
0.5  g 

0.1  g 
0.1  g 


glycerol  20.0  g 

hydrolyzed  casein  0.25  g 

yeast  extract  (Difco)  5.0  g 

malt  extract  (Difco)  5.0  g 

agar  15.0  g 

distilled  HzO  to  1  1 


Another  complete  medium,  which  possibly  contains  more  of 
the  substances  that  Neurospora  mutants  require  and  useful  in 
detection  procedures  (see  VII,  B),  consists  of  an  extract  of  Neuros¬ 
pora  supplemented  with  0.5  mg  of  hydrolyzed  casein/ 100  ml  (36). 
•  ,  e*tract  1S  secured  from  a  wild-type  mold  grown  for  3%  days 

m  Ij  1  of  minimal  medium  (see  III,  C).  Chop  the  mycelium, 

2(7 rl^rT.  distllled  water  and  autolyze  under  toluene  for 
filte  d  3  C’  T  'e  SUSpensl0n  1S  then  autoclaved  and  sterilely 


or1nProle  hentatl°n  ,Can  be  made  with  pure  growth  factors,  singly 
or  in  combination.  Amino  acids  and  nucleic  acid  components  fre 

medium  UVu  'e  m  “"“Rations  of  5  mg/100  ml  of  minimal 
under  VII  C  5  “*  *  in  “’e  “"“ntra.ions  described 
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III.  CULTURES 


In  culturing  Neurospora  ordinary  sterile  technique  is  used 
throughout.  Inoculations  are  usually  performed  with  conidia 
from  a  7  day  old  culture.  They  may  be  transferred  dry  as  the 
smallest  visible  sample  on  the  tip  of  a  platinum-iridium  needle, 
or  about  105  conidia  can  be  inoculated  in  0.1  ml  of  a  conidial 
suspension.  Incubation  is  usually  done  at  25  C,  although  35  C 
is  the  optimal  temperature,  and  growth  can  occur  between  4  and 
44  C  (46,  59). 

A.  Stock  cultures.— Perhaps  the  best  wild-type  stocks  for  ordi¬ 
nary  use,  especially  from  the  point  of  view  of  crossing,  are  Emer¬ 
son  5256-A  and  Chilton-a;  suitable  albino  strains  are  15300-A 
and  15300-a.§  The  growth-factor-requiring  mutants  are  usually 
quite  stable,  although  reversions  do  occur  (6,  17,  55).  Mutations 
in  the  mating  type  alleles  have  never  been  reported. 

B.  Maintenance  of  stocks—  Cultures  of  Neurospora  are  ordi¬ 
narily  maintained  in  the  vegetative  phase  by  serial  transfer  on 
agar  slants  in  16  X  150  mm  Pyrex  test  tubes.  Wild-types  are  kept 
on  minimal  agar,  and  nutritional  mutants  on  complete  agar  or 
minimal  agar  supplemented  with  required  substances.  In  4-7 
days  the  wild- type  strain  produces  a  lush  crop  of  pink  conidia.  It 
is  wise  to  carry  2  stock  tubes  of  each  strain,  1  of  which  is  first 
sampled  at  the  time  of  the  next  serial  transfer.  Stored  in  a  covered 
container  in  an  icebox,  they  survive  for  many  months.11  Routinely, 
however,  new  slants  are  prepared  every  2  or  3  months.  After  a 
time,  genetically  homogeneous  strains  will  become  heterocaryotic 
through  mutation.  A  common  mutant  does  not  form  macroconidia 
(65),  but  other  types  also  arise.  Consequently,  purification  by 
crossing  the  culture  with  a  strain  of  opposite  mating  type  and 
establishing  it  anew  from  a  single  ascospore  may  be  desirable. 
This  provides  a  genetically  homogeneous  stock  with  the  desired 
character,  but  without  the  genetic  background  of  the  original 

culture. 


SStocks  of  these  cultures  can  be  obtained  from  Dr.  G.  W.  Beadle.  Kerckhoff 
Biological  Laboratories,  California  Institute  of  Technology,  Pasadena  4  Calif. 
From  Dr  E  L  Tatum  Department  of  Biology,  Stanford  University,  a  i.,  on 

can  obtain  strain  Y-8743-21  (13-7)-a,  a  prolific  producer  of ^Tma^ained  in 
ful  morphologic  mutant  that  forms  restricted  colonies  is  K-422-A,  maintained  in 

the  Department  of  Zoology,  Columbia  University,  New  York  27. 

II N-  H.  Horowitz  comments  dial  he  has  been  sto q  obtain 
oil.  “Inoculate  complete  medium  slants  let  thei  j  ^  mineral  oil.  cover 

Ke  cold.Yo  favour  cultures  have  kept  for  7  months 

without  retransferring.” 
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Stocks  can  also  be  maintained  in  the  form  of  ascospores,  which 
do  not  germinate  unless  heat-activated  and  can  be  stored  for 
years.  Lyophilized  conidia  are  used  in  some  laboratories. 

C.  Liquid  cultures—  For  large  liquid  cultures,  15  1  of  medium 
is  inoculated  in  a  5  gal  carboy  through  which  sterile  ail  is  bubbled 
at  about  10  1/min.  After  3-10  days,  wild-type  mycelium,  with 
moist  weight  of  about  500  g,  is  collected  by  filtration  (26).  A 
medium  with  more  glucose  and  phosphate  and  less  ammonium 
has  been  used  for  greater  yield  (10a).  For  measurement  of  growth 
in  liquid  cultures,  see  VIII, A. 

D.  Surface  cultures.- To  secure  large  amounts  of  aerial  myce¬ 
lium,  cultures  should  be  grown  in  loosely  stoppered  3  1  Fernbach 
flasks  containing  500  ml  of  solid  medium.  In  harvesting,  the  agar 
substrate  is  cut  into  strips  and  removed  from  the  flask.  The  myce¬ 
lial  mats  are  then  peeled  from  the  surface  and  adhering  bits  of 
agar  carefully  scraped  off  with  a  dull  knife  (21).  For  measurement 
of  surface  growth,  see  VIII, B. 

E.  Asexual  spores.— Suspensions  of  macroconidia  are  prepared 
by  inoculating  large  clumps  from  7  day  old  cultures  into  sterile 
distilled  HoO  and  dispersing  them  with  a  needle.  Microconidia 
may  be  collected  from  stocks  that  produce  them  in  the  same  way 
or  by  rinsing  with  distilled  FRO  the  surface  of  a  10  day  old  slant 
(63).  To  determine  concentration  of  conidia,  the  suspension  is 
washed  by  centrifugation  and  resuspension,  followed  by  filtration 
through  sterile  glass  wool  packed  in  the  base  of  a  CaCl2  tube 
whose  wide  end  is  cotton  stoppered  and  the  narrow  end  inserted 
through  cotton  into  a  sterile  15  X  160  mm  test  tube  selected  to  fit 
snugly  in  a  Klett-Summerson  colorimeter  whose  adapter  is  ground 
somewhat  larger  for  this  purpose.  The  colorimeter  is  standard¬ 
ized  by  determining  the  optical  density  of  a  heavy  suspension  of 
filtered  conidia  whose  concentration  is  determined  by  direct  count 
in  a  hemocytometer.  When  several  dilutions  of  a  conidial  suspen¬ 
sion  are  used,  the  colorimeter  reading  plotted  against  the  dilution 
gives  a  line  which  arises  from  the  origin  and  is  straight  over  a 
wide  range.  Separate  calibrations  are  necessary  for  different  strains 
of  Neurospora.  Macroconidia  7  days  old  are  almost  all  viable- 
microconidia  exhibit  poorer  viability  (57). 

F.  Ascospores.— Ascospores  are  collected  in  large  numbers  from 

P«r  V’A)  tormed  on  aSar  in  tlle  bottom  of  a 

shed  nm  7  15  mverted  and  the  Perithecia  are  allowed  to 

i  I  ,  d.1C  g  ass  cover-  rhe  ascospores  are  collected  with  a  few 
ml  of  distilled  FLO  and  their  concentration  determined  with  a 
hemocytometer.  They  are  then  activated  by  placing  the  tube 
containing  them  in  a  water  hath  at  60  C  for  30  mill.  ° 
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IV.  PLATING 

T  he  number  of  viable  spores,  which  may  not  equal  the  total 
number  determined  with  a  hemocytometer,  can  be  determined  by 
observing  germination  directly  (VI I, C)  or  by  counting  the  number 
of  colonies  formed  after  plating. 

PROCEDURE 

An  appropriate  dilution  of  a  suspension  of  conidia  or  heat- 
activated  ascospores  is  plated  into  agar  containing  0.1%  sucrose 
and  0.5%  L-sorbose.  Sorbose,  without  being  toxic,  prevents  nor¬ 
mal  spreading  growth  of  Neurospora  and  causes  the  formation  of 
compact  colonies  at  25  C  (73).  At  37  C  the  colonies  are  less  than  1 
mm  in  size.  A  mixture  of  wild-type  or  heterocaryotic  and  nutri¬ 
tional  mutant  spores  can  be  characterized  by  plating  both  on 
minimal  and  supplemented  agar.  After  1  type  of  spore  has  formed 
colonies,  further  types  can  be  brought  up  by  covering  the  plate 
with  a  2d  layer  of  agar  containing  growth  factor  in  double  the 
concentration  required  for  optimal  growth  (35).  One  should, 
however,  consider  the  possibility  of  death  of  some  mutant  spores 
on  minimal  agar  before  the  supplement  is  provided. 


V.  SEGREGATION 

The  life  cycle  of  Neurospora  is  ideal  for  study  of  gene  segrega¬ 
tion.  The  generation  time  is  about  2  weeks,  the  haploid  nature  of 
the  vegetative  stage  allows  expression  of  recessive  alleles,  and  all 
of  the  products  of  meiosis  (ascospores)  can  be  recovered  in  the 
order  of  their  formation  (see  Comments,  p.  59).  Ascospoies  are 
the  equivalent  of  the  germ  cells  of  diploid  organisms,  but  in 
Neurospora  their  genetic  composition  can  be  determined  diiectly. 


PROCEDURES 

A.  Mating—  For  crossing,  a  medium  allowing  the  formation  of 
fewer  conidia  and  more  perithecia  is  used.  Difco  cornmeal  agar, 
an  infusion  of  cornmeal  containing  0.2%  glucose,  is  satisfactory 
for  slants  in  16  X  150  mm.  test  tubes  (6).  Somewhat  better  is  West- 
ergaard’s  medium-minimal  without  ammonium  tartrate  or 
NH4N03,  with  1  g  of  KNOa  and  20  g  of  sucrose/1  and  pH  6.5  (79) 

-used  in  the  form  of  2%  agar  slants. 

Crosses  are  made  by  inoculating  2  strains  of  different  mating 
type  at  opposite  ends  of  an  appropriate  agar  slant  by  mixing  the 
2  strains  together  or  by  dusting  conidia  from  1  culture  onto 
another  previously  inoculated  and  allowed  to  {<>™  protopent  . 
cia  for  4-7  days  at  25  C.  In  crossing  strains  with  different  nutri 
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tional  requirements,  Westergaard’s  agar  usually  need  not  be  sup¬ 
plemented  with  growth  factors  if  the  2  types  of  conidia  are  mixed. 
If  this  procedure  fails,  the  medium  may  be  supplemented  with 

growth  factors. 

B.  Cytologic  preparations.^— The  best  cytologic  preparations 
are  obtained  by  squash  techniques  (41,  66).  Five-day-old  cultures 
on  Westergaard’s  agar  at  25  C  are  inoculated  with  conidia  of 
opposite  mating  type.  First  division  prophases  are  found  after 
5  days,  all  other  stages  after  6-7  days  (some  crosses  give  long 
delays,  however).  For  1st  meiotic  metaphase  a  5  day  culture  is 
placed  in  the  icebox  for  24  hr;  this  arrests  development  at  diplo- 
tene.  On  return  to  25  C,  the  asci  proceed  into  diakinesis,  meta¬ 
phase,  etc.,  recognizable  by  samples  taken  at  intervals. 

Fresh  perithecia  (8-12/slide)  are  squashed  in  a  droplet  of  aceto- 
orcein  (2%  orcein  in  45%  acetic  acid  in  water),  the  clumps  of  asci 
cut  apart  and  fragments  of  perithecia  removed  before  the  drop 
evaporates.  A  cover  slip  is  sealed  over  the  drop  with  gum  mastic- 
paraffin.  The  preparations  last  several  months  in  the  icebox. 
Similar  preparations  can  be  made  from  fixed  material  (1:3  acetic 
alcohol)  stored  in  the  icebox;  gentle  heating  of  the  slides  may  then 
be  used  to  help  staining.  Destaining  of  overstained  preparation  is 
done  by  allowing  a  droplet  of  lactic  stain  (1  %  orcein  in  lactic  acid, 
acetic  acid,  and  water  in  equal  parts)  to  diffuse  under  the  cover 
slip. 

The  perithecia  can  be  fixed  in  1:3  acetic  alcohol  overnight, 
mordanted  in  4%  iron  alum  for  4-10  min,  washed  and  squashed 
in  a  drop  of  aceto-orcein  (15). 

Preliminary  hydrolysis  of  perithecia  in  IN  PIC1  at  60  C  for  5 
min  causes  the  asci  to  emerge  singly  rather  than  in  clumps.  In 
hydrolyzed  preparations,  the  meiotic  and  mitotic  spindles  and  the 
3d  division  centrioles  take  up  stain,  while  the  cytoplasm  is  less 
stained.  Some  samples  of  orcein  give  no  chromosomal  staining. 
Azur  A  (1  mg/ml)  can  be  substituted  (15a)  and  is  useful  in  stain¬ 
ing  nuclei  in  hyphae  and  conidia.  Aceto-carmine  stains  the 
nucleolus,  while  aceto-orcein  does  not. 

C.  Spore  isolation.— Aiter  10-20  days  at  25  C  the  perithecia  are 
ripe.  Plump,  black  perithecia  are  removed  with  an  inoculating 
needle  with  spatulate  tip  and  transferred  to  a  drop  of  distilled 
HoO  on  a  5  X  2  X  0.5  cm  block  of  agar  cut  from  a  Petri  dish  in 
which  25  ml  of  4%  agar  in  distilled  HoO  has  been  autoclaved  and 
allowed  to  set.  The  block,  placed  in  the  bottom  of  the  Petri  dish 
is  observed  at  10-40X  magnification  under  a  dissecting  micro- 


UThis  section  written  by  P.  St.  Lawrence. 
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scope.  With  a  watchmaker  s  forceps*  the  perithecium  is  squeezed 
open  and  its  asci  expressed  into  the  drop.  These  asci,  containing 
8  spores  in  linear  order,  are  attached  to  each  other  at  their  bases 
and  extend  radially  from  the  point  of  attachment.  The  cluster  of 
asci  is  pulled  onto  a  clean  agar  slant  and  1  ascus  separated  from 
the  cluster  with  minute n  nadeln]  mounted  in  the  ends  of  glass 
rods  (fine  glass  needles  may  be  used).  The  spores  are  ejected  1  after 
the  other  by  placing  the  needle  between  each  1  and  its  neighbor 
and  moving  the  needle  distally.  They  are  kept  in  the  order  they 
occupied  in  the  ascus,  then  pushed  to  within  1  mm  of  the  edge  of 
the  agar  about  1  mm  apart. j;  An  incision  is  then  made  behind  and 
between  them,  forming  1  X  1  X  0.5  mm  agar  blocks  which  are 
carried,  each  with  an  ascospore  on  top,  to  fresh  agar  slants  in 
13  X  100  mm  test  tubes.  The  slants  are  stored  at  25  C  for  several 
days  for  spore  maturation.  The  remaining  hypochlorite  evaporates 
and  so  does  not  affect  the  mycelium  formed  after  heat  activation 
(see  III,F).  Spores  that  fail  to  germinate  may  be  reheated  with 
some  expectation  of  success. 

The  freehand  isolation  of  spores  in  order  is  a  somewhat  de¬ 
manding  manipulation,  but  with  patience  it  can  become  easy. 

Provided  differential  viability  is  not  encountered,  certain  ge¬ 
netic  information  is  more  efficiently  gathered  from  ascospores  iso¬ 
lated  at  random  (see  Comments,  p.  59).  In  this  case  the  perithecia 
are  allowed  to  shed  their  ascospores  onto  the  agar  slant  and  glass 
walls  of  the  tube,  and  the  ascospores  are  picked  from  an  agar 
block  as  already  described,  or  collected  and  plated  (III,F,  and  IV). 

D.  Characterization  of  progeny.— In  a  cross  involving  a  mutant 
with  a  nutritional  requirement,  ascospores  are  always  isolated 
onto  supplemented  agar  slants.  A  complete  medium  (II, C)  may 
be  used  routinely.  When  the  progeny  cultures  have  formed 
conidia,  samples  are  transferred  to  minimal  agar  slants  and  to 
slants  containing  the  growth  factor(s)  in  question.  Growth  on 
supplemented  medium  and  failure  of  growth  on  minimal  medium 
indicates  a  nutritional  requirement.  Ascospores  isolated  at  ran- 


*  Obtainable  from  Standard  Scientific  Supply  Corp..  34  W.  4th  St.,  New  \ork 
12;  made  in  Switzerland,  Supreme  Tweezer.  Dumont  pattern. 

-[■Obtainable  from  Ward’s  Natural  Science  Establishment,  Inc.,  P.  O.  Box  24, 
Beechwood  Station,  Rochester  9.  N.  Y.;  made  in  Austria,  size  0-  • 

tWhen  the  asci  are  still  intact,  many  ascospores.  though  black,  may  not  be 
mature  and  will  not  germinate  when  isolated.  If  allowed  to  mature  in  the 
perithecium  for  too  long,  many  asci  will  have  eje, :ted  then-  ^[mre^  For- 
tuna  tel  v  black  ascospores  continue  to  mature  when  isolated,  and  the  problem 

on  the  edge  of  the  agar. 
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dom  by  plating  may  be  characterized  for  nutritional  requirement 
in  the  same  fashion  or  by  the  method  described  under  IV.  The 
latter  method  yields  map  distances  for  growth  factor  genes  corre¬ 
sponding  to  those  obtained  by  the  straightforward  isolation  and 
characterization  of  ascospores  (Newmeyer,  unpublished). 

Comments— The  behavior  of  chromosomes  during  meiosis  in 
Neurospora  is  orthodox  (15,  41,  66).  The  spindle  fiber  attachments 
segregate  reductionally  in  the  1st  meiotic  division  and  separate 
equationally  during  the  2d  (54).  The  extra  mitotic  division  that 
occurs  before  the  spore  walls  are  formed  around  each  of  the  8 
haploid  nuclei  simply  doubles  the  mitotic  products  in  such  a  way 
that  sister  spores  are  genetically  identical.  Therefore,  for  any 
given  chromosome,  half  the  haploid  nuclei  receive  spindle  fiber 
attachments  from  1  parent  and  half  receive  them  from  the  other. 
The  same  is  true  of  gene  loci,  and  a  1 : 1  ratio  of  characters  among 
the  8  ascospores  indicates  a  Mendelian  segregation  of  the  genes 
determining  them. 

Since  the  1st  and  2d  meiotic  spindles  are  oriented  along  the  long 
axis  of  the  ascus,  if  there  is  no  crossing-over  between  a  gene  locus 
and  its  spindle  fiber  attachment,  all  genes  from  1  parent  pass  with 
their  spindle  fiber  attachments  to  1  end  of  the  ascus.  This  results 
in  a  4:4  arrangement  of  characters  among  cultures  established 
from  the  8  ascospores.  If,  however,  a  single  cross-over  occurs  be¬ 
tween  the  gene  and  its  centromere,  the  reductional  division  for 
that  gene  occuis  at  the  2d  meiotic  division  and  the  arrangement 
of  genes  in  the  ascus  is  2:2:2:2,  or  2:4:2.  These  are  called  2d  divi¬ 
sion  segregations,  and  their  frequency  is  a  function  of  the  inci¬ 
dence  of  crossing-over.  In  turn,  the  frequency  of  crossing-over 
between  a  gene  and  its  spindle  fiber  attachment  is  a  function  of 
the  distance  between  them.  In  calculating  the  map  distance  of  a 
gene  (uncorrected  for  multiple  crossing-over),  the  frequency  of  2d 
division  segregations  is  divided  in  half.  This  yields  values  compa- 
ra  Die  to  those  calculated  for  other  organisms  where  map  distance 
is  taken  as  equal  to  the  number  of  cross-over  chromatids,  each 
single  crossing-over  resulting  in  50%  cross-over  chromatids  and 
ou%  non-cross-over  chromatids. 


This  method  of  mapping  can,  of  course,  only  be  used  when  the 
ascospores  are  dissected  in  the  order  of  formation.  Nevertheless 
some  information  can  be  secured  even  if  not  all  8  ascospores  ger¬ 
minate  (40).  Further,  under  certain  conditions,  genes  can"’ be 

Sldrorth"12"0"  ‘°  the  Spindle  fiber  a“«hment,  when  £ 
near  order  of  the  ascospores  is  not  known  (51). 

The  amount  of  linkage  between  2  detectable  genes  is  deter- 
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mined  from  the  frequency  of  recombination.  In  using  data  col¬ 
lected  by  analyses  of  whole  asci,  it  must  be  remembered  that  in  the 
formation  of  an  ascus  there  is  only  1  chance  for  recombination. 
Observations  on  the  2d  member  of  a  pair  of  sister  spores,  and  on 
the  2d,  3d  and  4th  pairs,  are  not  independent  of  those  made  on  the 
1st  (40).  In  this  regard  the  use  of  whole  asci  for  linkage  determina¬ 
tions  is  inefficient,  though  more  reliable  than  analysis  of  spores 
collected  at  random  if  there  is  differential  viability  of  genotypes. 
If  not,  random  isolation  yields  the  frequency  of  recombination  of 
genes,  which  is  equal  to  the  map  distance  between  them.  Fifty 
per  cent  recombination  indicates  that  the  genes  concerned  are 
either  at  least  50  map  units  apart  or  on  different  chromosomes; 
no  recombination  indicates  very  close  linkage  or  allelism.  For 
further  genetic  analysis  of  N.  crassa,  see  (29),  (54),  (65)  and  (80). 
Data  on  the  mapping  of  genes  determining  biochemical  char¬ 
acters  will  be  found  in  (32). 

In  Neurospora  tetrasperma  only  4  spores  are  ordinarily  found 
in  the  ascus.  Each  spore,  however,  contains  2  of  the  8  nuclei.  The 
segregation  of  the  mating  type  genes  and  arrangement  of  the 
spindles  during  meiosis  are  such  that  each  spore  contains  2  nuclei 
of  mating  type  A  and  2  of  type  a,  since  each  of  the  8  nuclei  divides 
again  in  the  ascospore.  As  a  result,  a  pure  culture  established  from 
1  of  the  4  ascospores  forms  fertile  perithecia  and  in  this  sense  is 
homothallic.  The  genetics  has  been  studied  most  extensively  by 
Dodge  (11;  see  also  38). 


VI.  HETEROCARYOSIS 

Although  strains  of  the  same  mating  type  will  not  cioss,  their 
hyphae  can  fuse  and  form  a  common  mycelium  containing  a 
mixture  of  nuclei.  If  these  are  genetically  different,  the  compound 
mycelium  is  called  a  heterocaryon.  Heterocaryons  are  formed  best 
by  2  strains  of  the  same  mating  type  (5);  indeed,  in  some  cases 
they  are  not  formed  at  all  by  strains  of  opposite  mating  type  (61). 
In  a  heterocaryon,  although  the  component  nuclei  remain  haploid 
and  do  not  fuse,  they  can  supplement  one  another  in  a  way 
similar  to  the  action  of  genes  in  a  heterozygous  diploid;  e.  g.,  when 
a  heterocaryon  is  formed  from  different  mutant  strains,  neithei  o 
which  will  grow  normally  alone,  normal  growth  may  ensue.  In 
such  a  case  selection  for  the  heterocaryon  maintains  heterocaryosis 
(however,  see  (55)).  It  is  possible  by  use  of  appropriate  mutations 
to  force  heterocaryons  among  more  than  2  different  strains. 

Since  in  a  heterocaryon,  wild-type  alleles  will  )e  present  or 
all  loci  only  if  the  parent  strains  carry  nonallelic  mutations, 
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heterocaryosis  can  be  used  in  a  test  for  allelism.  Two  mutants, 
neither  able  to  synthesize  arginine,  may  give  a  heterocaryon 
growing  without  arginine  if  the  mutant  genes  concerned  are  non¬ 
allelic.  Failure  to  give  a  normally  growing  heterocaryon  is  not 
conclusive  evidence  of  allelism,  for  although  different  allelic  genes 
usually  do  not  show  normality  in  heterocaryons,  heterocaryosis 
occasionally  fails  for  other  reasons. 

Growth  due  to  symbiosis  without  fusion  of  hyphae  can  be  de¬ 
tected  by  testing  single  macroconidia  or  isolated  hyphal  tips  of 
the  suspected  heterocaryon  on  minimal  agar.  If  normal  growth 
ensues  it  is  not  due  to  extrahyphal  symbiosis.  Final  proof  of  both 
types  of  nuclei  lies  in  demonstration  of  the  2  characters  (in  dif¬ 
ferent  perithecia)  among  the  progeny  of  a  cross  of  wild-type 
strain  with  the  stock  produced  by  the  isolated  structure. 


PROCEDURES 


A.  Formation  of  heterocaryons—  Heterocaryons  are  usually 
formed  by  mixing  conidia  from  2  strains  of  the  same  mating  type 
on  minimal  agar  slants  or  growth  tubes  (see  VIII,  B.)  The  conidia 
from  strains  requiring  growth  supplements  usually  germinate 
in  their  absence,  although  further  growth  does  not  take  place, 
and  the  hyphae  can  fuse  with  others,  thus  allowing  heterocaryosis 
between  mutants  which  by  themselves  do  not  grow  to  any  visible 
extent. 


B.  Isolation  of  hyphal  tips.— A  heterocaryon  (or  for  other  pur¬ 
poses  any  strain)  is  allowed  to  grow  for  less  than  12  hr  at  25  C  on 
minimal  agar  in  a  Petri  dish.  At  40  X  magnification  isolation  is 
perform^  by  cutting  with  a  fine  needle  (see  V.C)  sterilized  in 
10%  alcohol  about  0.5-1  mm  behind  the  tip  of  a  clearly  separated 
hypha  and  transferring  the  severed  tip  to  an  agar  slant. 
Comments  -The  nuclear  composition  of  heterocaryons  can  be 

occZZ  NuJl  CrOSSmS  pr°vided  selective  fertilization  does  not 
om  cnn-H  r  composition  can  also  be  evaluated  by  plating 
out  conidia  from  a  heterocaryon  and  determining  how  manv 

greatl^fadlkmed  f  ^  component  type.  Such  esumatmn  , 
don  K  422  At  r  H  °f  the  COmponent  nuclei  carries  a  muta- 

heterocaryodc  colon!!  and  Z^Z8"  difference  betwee"  *he 

only  1  nucleus  and  some  several  nuclei  In  r  ’  5°me  possess 
Nuclei  of  the  same  type  apparently  end  ,n  '  type' 

another  as  a  result  of  incomplete  mixing.  The 
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of  hcterocaryons  can  be  determined  more  directly  when  the  com¬ 
ponent  strains  produce  microconidia  (uninucleate)  by  plating  out 
and  characterizing  these  structures  (1,  62),  although  the  poor 
viability  of  microconidia  is  troublesome. 


VII.  MUTATION 

Spontaneous  mutants  are  isolated  from  cultures  of  Neurospora 
with  reasonable  frequency.  The  most  easily  recognizable  mutants 
show  resistance  to  poisons  (14)  or  change  of  pigmentation,  mor¬ 
phology  or  growth  rate  (6).  Mutants  requiring  growth  supplements 
occur  with  a  natural  frequency  somewhat  less  than  0.1  %  (28,  43, 
70,  73).  Attempts  to  secure  new  mutants  are  usually  preceded  by 
mutagenic  treatment,  e.g.,  exposure  to  mustard  gas  (28),  nitrogen 
mustard  (43,  45,  70),  atomic  disintegrations  (17),  neutron  bom¬ 
bardment  (6),  x-rays  or  ultraviolet  light  (6,  24,  63). 


PROCEDURES 


A.  Production  of  mutants.— Nitrogen  mustard  (bis-/3-chloro- 
ethylmethylamine)  used  as  a  mutagen  should  be  added  in  0. 1-0.5% 
concentration  to  a  filtered  suspension  containing  about  106  seven 
day  old  conidia  in  3  ml  of  0.2M  acetate  buffer  (pH  6.0).  1  he  conid- 
ial  suspension  is  introduced  immediately  into  a  tube  containing 
a  Westergaard  agar  slant  on  which  a  wild-type  culture  of  opposite 
mating  type  has  been  allowed  to  grow  and  form  piotoperithecia 
for  about  7  days.  The  slants  are  rotated  for  1-2  min,  excess  liquid 
is  decanted  and  the  slants  incubated  for  1 1  days,  when  ascospores 
are  isolated  and  the  cultures  established  from  them  aie  tested 


(43). 

For  ultraviolet  irradiation  a  G.E.  Germicidal  lamp  or  \\  esting- 
house  Sterilamp  with  15  w  bulb  is  used.  A  suspension  of  7  day  old 
conidia  in  10  ml  of  minimal  medium,  containing  about  10-  cells/ 
ml,  is  exposed  and  agitated  in  an  open  Petri  dish  about  20  cm  from 
the  lamp  for  several  minutes.  An  exposure  that  gives  about  0.1% 
survival  is  considered  convenient.  Exposure  to  visible  light  during 
and  after  ultraviolet  irradiation  is  to  be  avoided  (33)  by  working 
under  a  red  Safeliglu  or  Bugaway  lamp  and  keeping  the  culture 

in  the  dark  until  isolation. 

B  .Detection  of  mutants.  —  Method  1.  —  Since macroconic  i 
usually  contain  more  than  1  nucleus,  a  culture  formed  from  a 
conidium  containing  a  mutant  nucleus  will  be  heterocaryot.c  n 
earlier  experiments  the  treated  conidia  were  crossed  with  wild 
type  (6)  to  allow  the  mutant  nucleus  to  enter  a  protopentheciui 
and  yield  ascospores  with  the  mutant  character.  So  as  not  to  secure 
more  than  1  niutant  with  the  same  mutation,  a  single  ascospo.e 
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was  sampled  from  the  perithecia  resulting  from  such  a  cross  (in 
most  instances  fertilization  of  a  protoperithecium  involves  a  single 
nucleus  (19)).  The  ascospores  were  activated  on  complete  agar 
slants  (II,  C).  This  allowed  detection  of  visible  mutants.  A  trans¬ 
fer  to  minimal  agar  slant  was  then  made  to  detect  biochemical 
mutants.  By  this  procedure  a  yield  of  about  0.5%  biochemical 
mutants  was  obtained  using  radiation  (6)  and  of  about  8%  after 
treatment  with  nitrogen  mustard  (43). 

Method  2.— Since  a  culture  derived  from  an  irradiated  conid- 
ium  with  a  single  mutant  nucleus  will  produce  many  conidia 
homocaryotic  for  that  nucleus  (see  Comments,  p.  61),  crossing  and 
ascospore  isolation  can  be  dispensed  with.  Irradiated  conidia  are 
plated  out  on  complete  agar  with  sorbose  and  the  conidia  pro¬ 
duced  on  the  plates  are  sampled  and  replaced  on  complete  agar 
with  sorbose  and  on  minimal  sorbose  agar.  Irradiated  micro- 
conidia  need  be  plated  only  once,  because  uninucleate.  After  wild- 
type  colonies  form,  the  minimal  agar  plates  are  layered  with  com¬ 
plete  agar  to  bring  up  mutant  conidia  (see  IV),  and  the  new 
colonies  are  isolated  and  tested  for  nutritional  requirement.  If  the 
colonies  on  complete  agar  were  more  numerous  than  on  minimal 
agar,  they  may  be  isolated  and  tested  at  random.  Microconidia 
treated  with  20,000  r  yielded  3%  biochemical  mutants  (1,  73). 

Method  3.-Many  wild-type  strains  can  be  eliminated  by  visual 
selection  of  mutants  among  ascospores  germinating  on  minimal 
medium  (36).  Petri  plates  containing  25  ml  of  Westergaard’s  agar 
are  inoculated  with  a  suspension  of  wild-type  conidia.  After  7 
days,  when  protoperithecia  have  formed,  crosses  are  made  by 
adding  a  suspension  of  conidia  of  the  opposite  mating  type  sub¬ 
jected  to  mutagenic  treatment.  After  1 1  days,  and  once  daily  there- 
a  ter,  the  ascospores  shed  by  the  perithecia  are  collected  by  in¬ 
verting  each  plate  over  a  2d  plate  containing  25  ml  of  minimal 
medium  solidified  with  4%  agar.  In  5-30  min  enough  spores  are 
shed  to  be  roughly  1  mm  apart;  the  2d  plate  is  covered  and  placed 
m  an  oxen  at  60  C  for  30  min.  After  12  hr  at  25  C  the  wild-type 

*  mycelial  ClUmp  ‘~2  mm  in  diameter;  mutants 

abom  oT  rlm  4l°n  ''aVe  Sh°rt  h^hae  extending 

a!ar  bioek  .  mu‘an«  are  transferred  on  a  small 

ng  minimal  agar  supplemented  with  all 
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known  growth  factors  except  the  1  in  question;  the  “complete” 
medium  will  contain  just  that  growth  factor. 

C.  Identification  of  nutritional  requirement—  Ordinarily  the 
requirement  is  determined  by  growth  on  minimal,  amino  acid  and 
vitamin  media  provided  as  liquid  media  or  as  agar  slants  (6).  The 
amino  acid  medium  consists  of  100  ml  of  minimal  medium  plus 
500  mg  of  an  enzymatic  digest  of  casein  (an  acid  hydrolysate  sup¬ 
plemented  with  5  mg  of  L-tryptophane/100  ml  may  be  substi¬ 
tuted).  The  vitamin  medium  consists  of  100  ml  of  minimal  me¬ 
dium  to  which  1  ml  of  each  of  the  following  solutions  is  added 
(mg/ 100  ml  of  distilled  HoO): 


Ca  pantothenate  20 

choline  chloride  20 

folic  acid  0.0004 

inositol  40 

nicotinic  acid  20 

p-aminobenzoic  acid  5 

pyridoxine  hydrochloride  5 

riboflavin  5 

thiamine  hydrochloride  10 

yeast  nucleic  acid  50 

A  culture  that  grows  only  on  the  amino  acids  is  further  tested 
on  10  ml  lots  of  minimal  medium  supplemented  singly  with  0.1 
ml  of  each  of  the  following  amino  acids  (500  mg/100  ml  H20): 


DL-alanine 

L-arginine  monohydrochloride 
DL-aspartic  acid 
L-cystine 
L-glutamic  acid 
glycine 

L-nbtidine  monohydrochloride* H20 
L-hydroxyproline 
DL-isoleucine 
L-leucine 


L-lysine  monohydrochloride 
DL-methionine 
DL-norleucine 
L-ornithine 
DL-phenylalanine 
L-proline 
DL-serine 
DL-threonine 
L-tryptophane 
L-tyrosine 
DL-valine 


A  culture  that  grows  only  on  the  vitamin  mixture  is  tested  on 
10  ml  lots  of  minimal  medium  supplemented  singly  with  0.1  ml  ol 
each  of  the  vitamin  solutions  listed  above.  II  growth  occurs  on  the 
yeast  nucleic  acid,  it  is  further  tested  on  individual  purines, 
pyrimidines,  nucleosides  and  nucleotides  (0.5  mg/10  ml  minimal 

medium).  .  . 

A  more  efficient  method  is  a  modification  of  Beijerinck  s  aux- 
anographic  technique  (7).  A  heavy  suspension  of  comdia  is  plated 
into  minimal  agar  with  or  without  sorbose  and  the  surface  spotted 
with  loopfuls  of  concentrated  solutions  of  growth  factors,  eac  i 
indicated  on  the  plate  with  glass-marking  ink.  The  region  sup- 
plied  with  the  required  nutrient  will  cloud  with  growth.  For 
initial  screening  the  solutions  of  single  factors  can  be  grouped  so 
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that  many  factors  can  be  tested  in  a  few  spots.  The  following  table 
describes  such  a  combination: 


Solution 

I 

II 

III 

IV 


i 

A 


ii 

B 

E 


hi 

C 

F 

H 


IV 

D 

G 

I 

J 


Each  solution  contains  the  substances  found  in  the  column  beneath 
it  and  the  row  beside  it.  Thus  substance  E  is  found  only  in  solution 
II,  while  F  is  found  in  solutions  II  and  III.  In  this  example,  re¬ 
quirements  for  10  substances  can  be  tested  by  the  use  of  4  solu¬ 
tions. 

The  advantages  of  the  auxanographic  method  are  manifold. 
(1)  Many  growth  factors  can  be  tested  on  1  plate,  and  each  plate 
contains  its  own  control.  (2)  Back-mutations  appear  as  discrete 
colonies.  (3)  Toxic  concentrations  of  growth  factor  do  not  fail 
to  elicit  a  response  because  of  the  gradient  in  concentration  set 
up  by  diffusion.  (4)  Double  requirements  may  be  identified  by 
a  zone  of  growth  between  supplements.  (5)  Inhibitions  by  other 
supplements  are  identified  by  the  failure  of  spreading  growth 
in  their  vicinity. 

Comments .  Strains  that  fail  to  grow  on  minimal  medium  sup¬ 
plemented  with  amino  acids  or  with  vitamins  may  have  a  double 
requirement  for  an  amino  acid  and  a  vitamin  or  may  be  inhibited 
by  some  2d  substance  in  the  mixture.  They  may  also  require  a  sub¬ 
stance  present  only  in  the  complete  medium.  The  more  complex 
the  complete  medium,  the  more  likely  that  mutants  with  require¬ 
ments  for  unknown  growth  factors  will  be  found.  For  this  purpose, 
a  complete  medium  containing  heat-labile  substances  from  fresh 
coconut  has  been  used  (6).  On  the  other  hand,  the  more  complex 
the  complete  medium,  the  more  likely  that  an  inhibition  may 
prevent  the  discovery  of  a  mutant  (12,  36). 

Special  types  of  mutants  may  be  secured  by  supplementing  with 
respiratory  intermediates  (37)  or  fat-soluble  vitamins  dissolved 
.11  water  with  5%  Tween  80  (Atwood,  unpublished).  Compounds 
cellobiose,  maltose,  trehalose,  soluble  starch  and  cottonseed 
emulsion  which  Neurospora  can  use  as  carbon  and  energy  sou  es 
can  be  substituted  for  sucrose  to  discover  mutants  unable  to  use 
these  compounds  or  sucrose.  NHt+  can  be  replaced  by  KA  in 
minimal  medium  to  secure  mutants  unable  to  reduce  NO,-  (61 

(6sT  Min”!3"1,8  ^  2  nUtriti°nal  requirement  only  a!  a  low  pH 

-0  wi  Na  HPO  U"s  may  be  brOUght  t0  PH  4'6  ^th  HC1  and  to 
wun  i\a2Hl  U4.  Some  mutants  have  a  mm-in^i 

ment  only  if  incubated  above  30  C  (46,  47).  Others  hav^ only 
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partial  requirements  and  grow  slowly  or  to  a  limited  extent  on 
minimal  medium. 


VIII.  BIOASSAY 


The  extent  to  which  a  mutant  will  grow  is  usually  a  function 
of  the  single  substance  it  requires.  The  greater  the  amount  of  this 
substance,  the  larger  the  mycelium  produced;  the  higher  the  con¬ 
centration,  the  faster  growth  takes  place.  Because  of  this  relation¬ 
ship  Neurospora  has  been  used  to  determine  both  vitamins  and 
amino  acids  in  extracts,  hydrolysates  and  whole  protein  (reference 
56  is  a  review  of  this  subject;  see  also  2,  4,  20,  22,  23,  39,  44,  52,  53, 
60,  68,  72,  75).  As  criteria  of  growth,  3  responses  have  been  utilized: 

(1)  the  mass  of  mycelium  (dry  weight)  produced  in  liquid  medium; 

(2)  the  rate  of  progression  on  an  agar  surface;  (3)  the  rate  of  co- 
nidial  germination,  a  procedure  that  can  measure  as  little  as  0.01 
fig  of  amino  acid  in  a  matter  of  hours. 

PROCEDURES 


A.  Dry  weight—  In  the  case  of  a  mutant  having  a  nutritional 
requirement,  final  weight  is  proportional  to  the  amount  of  grow  th 
factor  when  the  latter  is  present  in  limiting  quantities.  Growth 
from  a  conidial  inoculum  (introduced  dry  on  a  needle  or  sus¬ 
pended  in  minimal  medium)  is  allowed  to  occur  at  25  C  in  a  125 
ml  Erlenmeyer  flask  containing  45  ml  of  full-strength  minimal 
medium  plus  5  ml  of  distilled  HoO  or  of  experimental  solution, 
the  latter  being  delivered  quantitatively  (60).  Many  woikeis  pictei 
to  use  20  ml  of  medium  (2,  4).  The  flasks  are  swirled  twice  daily 
to  keep  the  mold  submerged  where  it  will  not  conidiate;  somewhat 
less,  but  more  homogeneous,  growth  results  (see,  however  (39)). 
After  3-10  days,  predetermined  for  each  mutant  if  complete 
growth  is  desired,  the  mycelium  is  removed  for  weighing.  Myce¬ 
lium  is  fished  from  the  medium  with  a  needle,  squeezed  and  rinsed 
between  thumb  and  forefinger  or  between  filter  papers  and  dried 
on  cardboard  or  in  porcelain  spot  plates  for  a  few  hours  at  40-10 
C  (T).  Or  the  flask  content  is  filtered  through  a  tarecl  30  ml  crucible 
with  a  sintered  glass  bottom  (Pyrex  porosity  C)  and  the  retained 
mold  weighed  after  desiccation  under  vacuum  (60).  A  method 
having  the  convenience  of  the  1st  procedure  and  approximating 
the  precision  of  the  2d  involves  collection  of  the  mycelium  in  a 
crucible  or  on  coarse  filter  paper  in  a  Buchner  funnel.  After  rins¬ 
ing  with  25  ml  of  distilled  water  delivered  in  2  aliquots,  the  mo  d 
is  removed  with  a  forceps  to  a  labeled  piece  of  aluminum  foil  m 
a  desiccator  containing  anhydrous  CaCl2.  During  vacuum-  rying 
the  mycelium  adheres  tightly  to  porcelain  or  glass  hut  not  to 
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aluminum  foil  or  wax.  The  desiccator  is  evacuated  loi  1/9  hi 
with  a  trap  between  it  and  the  aspirator  and  closed.  Twelve  houis 
later  the  mold  is  at  constant  weight  and  is  removed  and  weighed 
to  the  nearest  0.1  mg.  Wild-type  Neurospora  in  50  ml  of  minimal 
medium  will  produce  more  than  100  mg  of  mycelium. 

B.  Rate  of  progression.-METUOD  l.-The  2d  growth  response 
is  the  rate  of  progression  on  the  surface  of  agar  (59).  In  the  case  of 
nutritional  mutants  the  concentration  of  growth  factor  is  critical. 
Growth  is  allowed  to  take  place  in  40  cm  lengths  of  15  mm  Pyrex 
tubing  half  filled  with  agar  and  turned  up  at  a  45°  angle  5  cm 
from  each  end.  Solutions  are  made  up  quantitatively  in  50  ml  lots 
and  poured  into  125  ml  Erlenmeyer  flasks  to  which  1  g  of  washed 
agar  has  been  added.  The  agar  is  dissolved  with  agitation  over  an 
open  flame  and  three  15  ml  aliquots  delivered  with  a  volumetric 
pipet  to  3  growth  tubes.  With  carefully  matched  tubes  the  total 
volume  of  agar  delivered  may  vary  by  0.5  ml  without  cletectably 
influencing  the  rate  of  growth.  With  10  ml  of  agar/tube  the  rate 
of  growth  is  about  10%  less  than  with  20  ml.  The  tubes  are  stop¬ 
pered  with  cotton  and  kept  in  position  during  preparation  by 
spring  clothespins  that  should  be  removed  during  autoclaving 
because  they  swell  and  break.  During  autoclaving  the  tubes  are 
kept  in  a  rack  of  galvanized  wire  mesh,  and  handled  with  care 
to  prevent  wetting  of  the  cotton  plugs  by  the  agar.  If  this  hap¬ 
pens,  the  wet  plug  is  replaced  by  a  sterile  dry  plug  prepared  in  an 
empty  tube.  After  removal  from  the  autoclave  the  tubes  are  taken 
with  1  end  in  each  hand  and  quickly  swirled  so  that  the  agar 
rotates  around  the  inside  of  the  tube  without  wetting  the  cotton 
plugs  but  removing  the  water  that  condenses  on  the  walls.  The 
tubes  are  then  supported  by  clothespins  on  a  level  surface.  Agar 
films  that  sometimes  rise  to  the  top  of  the  tube  can  be  removed 
by  gentle  blowing  through  1  of  the  cotton  plugs.  Agar  allowed  to 
set  in  the  tubes  for  12  hr  will  grip  the  glass  and  will  not  slip 
while  being  handled. 

The  tubes  are  inoculated  at  1  end  with  dry  conidia  on  a  needle 
tip  and  the  position  of  the  growing  frontier  is  twice  daily  marked 
with  crayon  on  the  tube  surface.  When  the  distances  progressed 
are  plotted  against  time,  a  linear  curve  is  obtained  after  a  short 
lag  period.  The  rate  of  progression  is  calculated  from  the  linear 
portion  of  the  curve.  Under  optimal  conditions  wild-type  Neuros¬ 
pora  grows  at  a  rate  of  more  than  5  mm/hr. 

method  2.— Rapid  estimations  of  growth  rate  can  be  made  by 
measuring  colony  diameter  on  agar  in  a  Petri  disli  after  mass 
inoculation  at  the  center.  Fairly  high  precision  can  be  obtained 
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by  using  a  mycelial  inoculum  in  an  agar  disk  of  uniform  diameter 
and  thickness  (73a).  This  is  prepared  by  inoculating  a  large  loop¬ 
ful  of  conidia  into  sterile  liquid  agar,  which  is  then  poured  into 
a  sterile  Petri  dish,  incubated  for  about  16  hr  and  stored  in  an 
icebox.  Blocks  of  agar  to  be  used  as  inocula  are  cut  out  with  a 
cork  borer  fitted  with  plunger. 

C.  Rate  of  germination.— The  frequency  of  conidia  of  a  nutri¬ 
tional  mutant  of  Neurospora  that  have  germinated  at  any  given 
time  is  a  function  of  the  concentration  of  required  substance  (57). 
A  conidial  suspension  is  prepared  in  80%  minimal  medium 
(111 ,E),  without  washing  it,  and  is  filtered  with  suction  through 
coarse  filter  paper  in  a  small  Buchner  funnel.  The  suspension  is 
diluted  with  80%  minimal  medium  to  contain  about  1  X  10G 
conidia/ml  and  0.1  ml  aliquots  are  delivered  by  a  blow-out  pipet 
to  10  X  75  mm  test  tubes. 

The  solution  in  which  the  rate  of  germination  is  to  be  measured 
is  made  up  separately  to  equal  80%  minimal  medium;  0.2  ml  of 
these  solutions  is  delivered  by  blow-out  pipets  into  the  marked 
experimental  tubes.  This  constitutes  the  inoculation,  and  the 
lapse  of  time  is  measured  from  this  point.  Medicine  droppers 
with  rubber  bulbs  are  immediately  inserted  in  the  tubes  and 
flushed  to  achieve  thorough  mixing.  The  droppers  are  left  in  the 
lubes,  which  are  transferred  to  25  C.  After  2-10  hr  the  suspensions 
are  again  mixed  and  a  drop  of  each  is  transferred  by  dropper  to 
similar  small  test  tubes;  a  drop  of  10%  Formalin  is  added  to 
prevent  further  germination. 

For  examination,  2  small  drops  are  placed  on  a  slide  (plus  2  for 
duplicate  run),  allowed  to  settle  for  a  few  minutes  and  examined 
with  a  water  immersion  lens  (40X).  About  100  conidia  are  ex¬ 
amined  in  each  drop  and  recorded  as  germinated  or  ungerminated. 
A  dual  hand  counter  is  convenient  for  this  purpose.  Wild-type 
conidia  are  almost  all  germinated  after  about  6  hr  in  minimal 
medium  at  25  C. 

Commen te.— Choice  of  the  method  depends  on  the  purpose  of 
the  assay.  The  dry  weight  method  has  been  most  used  and  has 
been  proved  reliable  (60).  The  rate  of  progression,  less  extensively 
used,  is  very  precise  when  growth  factors  are  present  in  neail) 
optimal  concentrations,  but  less  so  for  very  low  concentrations. 
The  germination  method  is  the  most  sensitive  and  rapid  but  is 
subject  to  interference  by  substances  present  in  natural  products. 
This  difficulty  can  be  overcome  (56);  the  method  probably  holds 
its  greatest  promise  for  measurement  of  very  small  amounts  of 
substances  purified  by  methods  such  as  chromatography. 
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In  some  instances  the  response  of  Neurospora  to  increasing 
growth  factor  is  constant  from  experiment  to  experiment  (60). 
However,  it  is  usually  necessary  to  determine  a  standard  curve 
with  each  assay  (2,  57).  Considerable  information  is  available  con¬ 
ning  the  influence  of  environmental  variables  on  the  rate  of 
conidial  germination  (57)  and  rate  of  progression  on  the  surface 
of  agar  (59)  and  on  the  mycelial  weight  (2,  46,  47). 

IX.  RESPIRATION 


PROCEDURES 


A.  Ascospores.—  Cultures  of  N.  tetrasperma  are  allowed  to  grow 
for  3-4  weeks  at  25  C  in  500  ml  Blake  bottles  with  50  ml  of  agar 
medium  containing  0.5%  glucose  and  0.5%  malt  extract.  Asco¬ 
spores  are  collected  by  washing  with  distilled  water  and  separated 
from  contaminating  conidia  by  allowing  them  to  settle  through 
a  column  of  distilled  HoO  several  times  or  by  centrifuging  them 
in  50%  sucrose.  Since  the  Qo„  of  ungerminated  ascospores  in  dis¬ 
tilled  HoO  or  in  M/60  phosphate  buffer  at  pH  5.4  is  low  ( <  1  yu.1 
of  02/mg  of  dry  weight/hr  (18)),  a  Fenn  microrespirometer  is 
used,  shaken  at  180  c/m  through  an  arc  of  1.5  cm.  A  small  glass 
sphere  is  included  in  each  vessel  to  enhance  mixing.  Ascospores 
may  also  be  collected  by  the  method  described  under  III, F. 


B.  Conidia.— Enough  conidia  for  respiration  measurements  can 
be  secured  by  serially  shaking  3  lots  of  50  ml  of  sterile  0.9%  saline 
in  six  1  1  Erlenmeyer  flasks  in  which  cultures  have  grown  on  100 
ml  of  agat  medium  (/  days  at  25  C).  The  3  suspensions  are  com¬ 
bined  and  filtered  with  suction  through  sterile  glass  wool  packed 
in  the  base  of  a  CaCl2  tube.  This  tube,  whose  wide  end  is  closed 
with  a  cotton  plug,  has  its  narrow  end  inserted  through  cotton 
into  all  suction  flask.  I  he  conidia  are  centrifuged,  washed,  re¬ 
centrifuged  and  resuspended  in  the  desired  medium  to  a  con¬ 
venient  density,  lOMOVml  (see  III,E).  The  respiration  of  the 
suspension  is  then  studied  in  a  conventional  Warburg  respirom- 
eter.  If  Q0z  ls  to  be  determined,  about  3  X  109  conidia  should  be 
filtered  through  a  tared  Pyrex  sintered  glass  crucible  (porosity  F 
OI ,  and  their  weight  (about  60  mg)  determined  (VIII  A)  O 

daryUweight/hTe  ”  Sa'ine  m3y  **  aS  high  35  S°  ot 
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down.  The  germinated  conidia  may  then  be  concentrated  by 
centrifugation  or  slow  filtration  through  a  Pyrex  sintered  glass 
crucible  (porosity  F  or  UF). 

The  endogenous  rate  of  respiration  in  saline  falls  off  with  time, 
but  on  a  suitable  substrate  it  remains  constant  for  hours,  and 
Qo3  values  for  comparable  material  are  reproducible  within  ± 
10%  (Nelson,  unpublished). 

C.  Mycelium—  The  respiration  of  Neurospora  mycelium  is 
affected  by  handling  and  depends  on  the  morphology  of  the  clot, 
factors  which  caused  difficulties  in  early  work  (16).  However, 
reproducible  results  and  Q0a  values  as  high  as  50  /A  of  02/mg  of 
dry  weight/hr  can  be  obtained  by  the  following  procedure  (Nel¬ 
son,  unpublished). 

Small  cultures  (about  20  mg)  are  grown  in  5  ml  of  minimal 
medium  in  25  ml  Erlenmeyer  flasks  without  shaking.  The  mycelial 
mat  is  then  washed  by  serial  immersion  in  beakers  containing 
about  25  ml  of  0.9 %  saline  and  excess  fluid  is  gently  squeezed 
out  between  several  layers  of  filter  paper.  The  mat  is  then  cut 
into  strips  3/4  X  2  cm  which  conveniently  fit  into  a  Warburg 
manometer  flask.  During  growth  of  wild  type,  the  Qo2  drops 
from  about  60  to  about  10  pi  of  02/mg  of  dry  weight/hr  and  the 
RQ  approaches  unity. 


X.  BIOCHEMICAL  STUDIES  OF  MUTANTS 

An  analysis  of  the  biochemical  differences  between  mutant  and 
parent  in  Neurospora  is  facilitated  by  the  rigidity  with  which  the 
environment  can  be  controlled.  This  is  true  not  only  of  mutants 
whose  characters,  like  a  modified  morphology,  are  not  rendered 
normal  by  environmental  means  but  especially  of  that  selected 
class  of  mutants  which  is  made  to  resemble  wild  type  by  the  avail¬ 
ability  of  some  substance  in  the  culture  medium. 


PROCEDURES 

A  Biosynthesis.- Mutants  with  a  nutritional  requirement  are 
unable  to  synthesize  the  needed  substance  because  the  mutated 
gene  has  in  some  way  introduced  a  block  in  biosynthesis.  It  is 
usual  in  Neurospora  that  nonallelic  genes  blocking  the  synthesis 
of  a  single  compound  do  so  by  preventing  different  steps  in  the 
sequence  of  reactions.  If  the  biosynthesis  of  substance  C  pio- 

ceeds  as  a  B  ->  C 


with  the  presence 
strain  carrying  a 


T  T 

gene  gene 

of  normal  genes  enabling  the  synthesis,  then  a 
mutation  in  gene  2  will  grow  only  when  sub- 
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stance  C  is  supplied.  A  strain  carrying  a  mutation  in  gene  1  will 
grow  on  substance  B  as  well  as  C.  By  supplying  the  precursors, 
the  exact  location  of  the  block  can  be  determined  (67).  Such  an 
analysis  may  become  complicated  by  the  interaction  of  sub¬ 
stances,  but  the  procedure  remains  the  same  (13).  , 

B.  Precursors— When  a  genetic  block  occurs,  precursor  may 
accumulate  behind  the  block.  This  precursor  may  be  contained 
in  the  mycelium,  from  which  it  must  be  extracted  (26,  27),  or 
may  be  excreted  into  the  culture  medium,  from  which  it  may  be 
isolated  and  identified  (9,  10,  26,  50,  71).  In  either  case  large 
cultures  are  required,  and  in  some  instances  they  must  be  grown 
with  a  limiting  concentration  of  the  required  growth  factor  (30, 
31).  Accumulated  precursors  are  at  times  converted  into  sub¬ 
stances  such  as  pigments  which  discolor  the  mold  or  medium  (9, 
47,  50). 

C.  Cross-feeding— Without  knowledge  of  the  chemical  nature 
of  the  precursor  compounds  the  sequence  of  blocks  can  be  deter¬ 
mined  by  a  cross-feeding  experiment.  If  a  strain  carrying  a  muta¬ 
tion  in  gene  1  of  the  foregoing  example  excretes  accumulated 
precursor  into  the  culture  medium,  a  culture  filtrate  may  contain 
compound  A  but  not  B  or  C.  Such  a  filtrate  will  not  support  the 
growth  of  a  strain  carrying  a  mutation  in  gene  2,  because  this 


mutant  can  make  A  and  does  not  need  it.  A  filtrate  of  the  latter 
mutant  may  contain  B,  which  it  can  make  from  A,  and  support 
the  growth  of  the  1st  mutant,  which  can  convert  B  to  C.  In  other 
words,  a  mutant  which  will  grow  on  a  filtrate  of  a  2d  is  blocked 
in  biosynthesis  above  the  block  in  the  2d  mutant. 

For  this  test,  cultures  of  the  donor  strain  are  grown  to  comple¬ 
tion  on  limiting  amounts  of  growth  factor,  filtered,  and  aliquots 
of  the  filtrate  are  added  to  minimal  medium,  which  is  autoclaved 
and  inoculated  with  the  strain  whose  response  is  being  exam¬ 
ined  (9).  Ether  extracts  of  nonpolar  precursors,  such  as  those 
leading  to  the  formation  of  carotenoid  pigment,  may  be  dissolved 
in  5%  Tween  80  and  thereby  made  available  to  the  mycelium 
(Atwood,  unpublished;  see  also  (21)). 

Comments.- It  is  thought  that  genes  influence  biosynthetic  steps 
through  their  influence  on  enzymes.  Several  enzymes  have  been 

exti acted  Irom  Neurospora  mycelium  (8,  25,  42  49  67  74  76  77\ 

and  some  like  maltase,  diastase,  invertase  and  tyrosinase  (78)  are 
supposedly  excreted  by  the  mold  into  the  culture  medium  Com- 

madHs  lr777;rry  01  rautam  and  wnd  ^  « bTg 

made  8,  49,  76,  77)  and  promise  to  yield  valuable  information 
about  intimate  aspects  of  gene  action. 
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Note.— This  section  was  reviewed  by  K.  C.  Atwood,  R.  W.  Barratt  D  M 
Bonner,  N.  H.  Horowitz,  W.  D.  McElroy,  H.  K.  Mitchell,  D.  D.  Perkins  and 
E.  L.  Tatum. 
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SECTION  II 


Assay  of  Neurohumors 

associate  editor  —  J.  H.  Gaddum 


INTRODUCTION 

The  word  neurohumor  is  used  here  to  denote  a  substance  which 
not  only  is  released  when  a  nerve  is  stimulated  but  is  also 
capable  of  producing  effects  like  those  produced  by  the  stimula¬ 
tion.  There  is  no  reason  to  doubt  that  such  substances  often  play 
an  important  part  in  transmitting  impulses  from  the  nerve  ending 
to  the  place  where  the  nerve  acts.  Ever  since  the  original  experi¬ 
ments  of  Loewi  (5)  our  knowledge  of  these  substances  has  been 
based  upon  pharmacological  experiments.  The  quantities  re¬ 
leased  are  usually  so  small  that  they  cannot  be  detected  in  any 
other  way.  Advances  in  this  field  have  depended  on  the  develop¬ 
ment  of  sensitive  and  specific  pharmacological  tests  which  not 
only  will  detect  substances  in  concentrations  often  much  less  than 
1  in  a  million,  but  will  also  distinguish  closely  allied  substances 
from  one  another.  Some  of  the  articles  in  this  section  are  devoted 
to  the  description  of  such  tests;  others  give  methods  for  studying 
the  enzymes  involved  in  the  production  and  destruction  of  ACh. 

Nerves  may  be  classified  according  to  the  nature  of  the  sub¬ 
stance  liberated.  The  words  cholinergic  and  adrenergic  were  intro¬ 
duced  by  Dale  (1)  to  describe  2  different  classes  of  nerve  which 
release  2  different  kinds  of  neurohumor.  By  their  derivation  from 
classical  languages  these  terms  imply  that  the  nerves  act  by  liber¬ 
ating  a  choline  ester  and  a  substance  resembling  adrenaline  (epi¬ 
nephrine).  In  more  recent  years  the  adjective  cholinergic  has  been 
applied  to  drugs,  and  used  to  mean  acting  in  the  same  way  as 
acetylcholine”  instead  of  ‘‘acting  by  the  release  of  acetylcholine.” 
This  new  use  of  the  word  is  liable  to  lead  to  confusion  and  should 
be  avoided.  Nor  should  adrenergic  be  used  to  describe  drugs  acting 
like  adrenaline;  they  are  better  called  sympathomimetic. 
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The  substance  released  by  cholinergic  nerves  has  been  identified 
as  acetylcholine  by  pharmacological  tests  which  distinguish  the 
different  choline  esters  from  one  another.  Such  tests  are  described 
by  Macintosh  and  Perry  (p.  78).  It  is  doubtful  whether  it  will 
ever  be  possible  to  confirm  this  identification  by  the  chemical  iso¬ 
lation  of  this  substance  from  fluids  collected  during  stimulation 
of  a  nerve.  On  the  other  hand,  the  evidence  that  this  substance 
really  is  acetylcholine  is  strongly  supported  by  other  facts.  Acetyl¬ 
choline  has  been  isolated  from  various  natural  sources.  Ewins  (4) 
isolated  it  from  extracts  of  ergot.  Dale  and  Dudley  (2)  isolated  it 
from  extracts  of  horses’  spleen,  and  since  that  time  it  has  been 
obtained  from  other  sources.  One  method  by  which  it  has  recently 
been  isolated  is  described  here  by  Harrison  (p.  93).  Another  use¬ 
ful  method,  due  to  Kapfhammer  and  his  colleagues,  involves  the 
precipitation  of  the  Reineckate  (cf.  3). 

The  evidence  associating  acetylcholine  with  cholinergic  nerves 
is  strengthened  by  evidence  that  such  nerves  contain  enzymes 
capable  of  acetylating  choline  and  hydrolysing  acetylcholine. 
Methods  of  studying  these  enzymes  are  described  here  by  Feldberg 
(p.  95)  and  by  Mendel  and  Hawkins  (p.  107). 

The  study  of  adrenergic  nerves  is  less  well  advanced.  There  is 
evidence  that  both  adrenaline  (epinephrine)  and  nor-adrenaline 
(arterenol)  are  present  in  extracts  of  such  nerves  and  released 
during  stimulation.  I  bis  evidence  depends  on  methods  which 
are  still  in  process  of  improvement.  No  single  method  is  yet  estab¬ 
lished  as  better  than  other  methods,  and  2  separate  accounts  are 
presented  of  the  methods  used  in  different  laboratories.  There  is 
a  small  amount  of  overlap  between  the  articles.  No  attempt  has 
been  made  to  eliminate  this  completely,  since  it  may  be  valuable 
to  have  2  points  of  view  presented.  There  is  some  evidence  that 
certain  nerves  may  act  by  liberating  histamine,  but  this  is  not 
universally  accepted,  and  methods  of  estimating  histamine  have 
not  been  included. 

— J.  H.  Gaddum. 
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PREPARATION  OF  MATERIAL 


Blood. ,  perfusion  fluids,  etc—  Blood  and  the  usual  perfusion 
fluids  (defibrinated  blood,  heparinized  plasma,  Ringer-Locke  solu¬ 
tion,  etc.)  can  generally  be  used  directly  for  assay  of  their  acetyl¬ 
choline  (ACh)  content  provided  suitable  precautions  are  taken  to 
avoid  loss  of  ACh  by  enzymatic  or  nonenzymatic  hydrolysis. 
Heparin  is  the  only  suitable  anticoagulant  for  blood:  it  is  added 
in  considerable  excess  (e.g.,  1  vol  of  a  1^,  solution  to  20  vol  of 
blood)  in  order  to  minimize  the  in  vitro  formation  of  pharmaco¬ 
logically  active  substances.  The  purified  sodium  salt  must  be  used: 
it  is  dissolved  in  0.9%  NaCl  without  added  preservative.  Occa¬ 
sional  batches  of  heparin  contain  depressor  material  which  inter¬ 
feres  with  the  assay.  Plasma  from  blood  heparinized  in  the  above 
manner  is  a  very  satisfactory  perfusion  fluid  for  experiments  in 
ACh  output. 

Blood  or  perfusate  containing  no  active  cholinesterase  may  be 
left  at  0  C  (pH  8.5)  without  appreciable  loss  of  ACh  for  up  to  2  hr. 
For  longer  delays,  acidification  is  necessary:  either  C02  (removed 
before  the  assay  by  aeration)  or  M/6  NaH2P04  may  be  used. 
Prolonged  storage  of  blood  may  cause  a  shift  of  K  from  cells  to 
plasma  and  so  compromise  the  results  of  the  assay  if  the  ACh 
content  is  low.  It  is  always  best  to  plan  the  experiment  in  such  a 
way  that  the  sample  is  assayed  within  a  few  minutes  of  its  collec¬ 
tion.  When  prolonged  storage  is  unavoidable  the  pH  should  be 
about  4,  the  reaction  at  which  ACh  is  most  stable  (13,  1). 

Eserine,  as  sulfate  or  salicylate,  is  generally  used  to  inactivate 
the  cholinesterases  of  blood.  Stock  solutions  (0.1  or  1%)  are  made 
in  acidulated  saline  and  kept  in  the  cold;  deterioration  is  shown 
by  the  appearance  of  a  pink  colour.  For  plasma  kept  at  0  5  C  tor 

1  hr  a  sufficient  concentration  of  either  eserine  salt  is  10  (weig  , 

not  moles V  with  this  proportion  of  eserine  the  cholinesterase  ol 
tissues  perfused  with  plasma  is  so  far  inactivated  that  practically 
the  whole  of  the  ACh  liberated  by  nerve  stimulation  appears  in  t  t 
perfusate  (8).  For  whole  blood  this  concentration  does  not  suffice, 
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unless  the  time  between  the  first  contact  of  ACh  with  the  red  cells 
and  the  completion  of  the  assay  can  be  reduced  to  2-3  min  or  less; 
it  is  best  to  use  a  concentration  of  KM  and,  in  addition,  to  collect 
blood  samples  in  chilled  tubes  containing  a  sufficient  volume  of 
M/6  NaH2P04  to  bring  the  final  pH  below  6.5.  Eserine  in  such 
high  concentration  may  interfere  with  the  response  of  the  test 
object  to  ACh.  It  is  practically  impossible  to  achieve  full  inactiva¬ 
tion  of  circulating  red  cell  cholinesterase  by  administering  eserine 
in  sublethal  doses.  For  this  reason,  estimates  of  the  ACh  released 
from  tissues  retaining  their  natural  blood  supply  can  only  be  semi- 
quantitative,  unless  particular  precautions  are  taken  to  shorten 
the  interval  between  liberation  and  assay.  (These  statements  are 
based  on  experience  with  cat’s  blood  and  may  not  apply  to  the 
blood  of  other  mammals.)  Acetylcholine  diffuses  slowly  in  and  out 
of  red  blood  cells,  and  this  fact  may  have  to  be  kept  in  mind  when 
samples  of  whole  blood  are  used  directly  for  assay  of  their  ACh 
content. 

For  Ringer-Locke  solution  and  similar  perfusion  fluids  a 
5  X  10  6  concentration  of  eserine  salt  is  apparently  sufficient  to 
enable  the  maximum  yield  of  ACh  to  be  obtained,  even  with 
tissues  rich  in  cholinesterase  like  the  superior  cervical  ganglion. 

The  stability  of  ACh  in  the  fluid  to  be  assayed  must  naturally 
be  confirmed  by  suitable  control  tests  for  the  particular  conditions 
of  the  experiment. 


i  iSMJJb  EXTRACTS 


Prmap/e.-Most  animal  tissues  contain  measurable  amounts  of 
Ch  in  a  nondiffusible  form  in  which  it  is  not  susceptible  of 
enzymatic  hydrolysis.  Free  ACh  can  exist  only  in  traces  or  for  a 
y  short  time,  owing  to  the  ubiquitous  presence  of  esterases-  if 

cclnL/^K  are  maCti':ated-  e«-  •>>•  eserine,  the  free  ester  may 

/cumulate,  but ln  vlvo  the  accumulation  is  limited  because  excess 

••free'SaqnUd  ‘tornr  ACl  7  “le  ClrCulatl0n-  (A  distinction  between 
ee  and  total  ACh  is  sometimes  made  on  the  basis  of  the 

yie  d  obtained  by  simple  grinding  of  the  tissue  in  saline  and  bv 

fracti°ns  ,s  - 

S  AC  h  aricfdi  ol  i  ncs  te '  ^  4  ■StfR 
components  of  the  choline-acetylasersystem°Th-SSUeS  “"M  ‘he 
appear  to  be  active  in  rectin  c  .T  s  system  does  not 

but  when  ACh  is  freed  a  l  ^  1SSUC  W^1C^  *s  structurally  intact; 

Tl* ~ 
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synthesized,  and  if  the  tissue  cholinesterase  has  been  inactivated 
there  may  be  a  large  increase  in  the  free,  and  therefore  in  the  total, 
ACh  content.  Thus  a  tissue  extract  prepared  under  conditions 
which  permit  the  release  and  synthesis  of  ACh,  but  not  its  hydroly¬ 
sis,  will  have  a  misleadingly  high  ACh  content;  whereas  if  the 
cholinesterase  of  the  tissue  is  active  during  the  extraction,  destruc¬ 
tion  of  the  ester  may  outrun  synthesis  and  the  ACh  content  of  the 
extract  will  be  misleadingly  low. 

Treatment  with  acid  releases  the  bound  ACh  of  tissue  and  inac¬ 
tivates  cholinesterase  and  choline  acetylase.  The  time  of  contact 
between  tissue  and  acid  must  be  controlled,  since  (a)  the  release 
of  ACh  requires  some  time  for  completion  and  ( b )  free  ACh  is 
slowly  destroyed  by  acid.  The  alcohol-soluble,  pharmacologically 
inactive  ACh  complex  investigated  by  Abdon  and  his  co-workers 
(1,  2),  which  presumably  represents  the  bound  ACh  of  the  tissues, 
is  most  stable  at  pH  4,  which  is  also  the  pH  at  which  the  free  ester 
is  most  stable. 


Finally,  it  is  to  be  remembered  that  the  ACh  content  of  tissues 
may  change  between  the  excision  of  a  tissue  sample  and  the  begin¬ 
ning  of  extraction,  even  in  the  absence  of  extraneous  stimulation. 
The  effect  of  such  change  may  be  to  give  ACh  values  which  are 
(«)  too  high  or  ( b )  too  low.  (a)  The  ACh  depots  at  cholinergic  net  ve 
endings  (which  may  form  a  large  part  of  the  ACh  contained  in  a 
tissue)  can  be  depleted  by  prolonged  activity  but  are  rapidly 
restored  during  rest.  Unless  special  precautions  aie  taken,  as  a  pre 
liminary  to  extraction,  to  cool  the  tissue  rapidly  while  it  is  still 
being  stimulated  (18,  15,  21)  the  transient  reduction  of  ACh  due  to 
stimulation  will  not  be  detected  and  the  ACh  content  will  approxi¬ 
mate  to  the  resting  level.  ( b )  The  ACh  content  of  excised  tissues 
kept  at  room  temperature  may  fall  off  fairly  rapidly;  the  cause 
of  the  decline  is  unknown.  Thus  excised  rat  brain  may  lose  up  to 
35%  of  its  ACh  within  5  min  (7);  the  ACh  content  of  horse  spleen, 
on  the  other  hand,  remains  constant  for  at  least  1  hr  after  ex- 

C1SThe(ideal  extraction  method  should  satisfy  the  following  condi¬ 
tions.  (1)  The  amount  of  ACh  present  in  the  extract  should 

correspond  to  that  in  the  tissue  at  the  moment  o  exclslon-  (2)  T 
extract  should  contain  no  material  which  can  interfere  with  the 


biological  assay  ol  ACh.  .  r__*iv  fnifiie  these 

I,  is  probable  that  no  method  yet  devised  perfectly  iulbU  thex 

conditions  but  a  number  of  methods  appear  to  approximate  to 

Ol  these,  the  most  widely  used  is  the  tnchloroaceuc  acid 
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extraction  introduced  by  Galehr  and  Plattner  (11)-  The  piocedure 
described  is  based,  with  minor  modifications,  on  that  used  by 
Chang  and  Gaddum  (4). 


PREPARATION  OF  EXTRACTS  FOR  ASSAY  OF  ACh 


If  the  resting  ACh  content  is  to  be  determined,  excise  the  tissue 
with  the  minimum  of  direct  handling,  weigh  on  a  torsion  balance 
and  place  it  in  ice-cold  10%  trichloroacetic  acid.  These  operations 
should  be  completed  within  1  min.  Two  ml,  or  more,  of  the  acid 
may  be  used  for  each  g  of  tissue,  but  manipulative  losses  are  hard 
to  avoid  if  the  total  volume  is  under  2  ml. 

If  the  effect  of  nervous  stimulation  on  the  ACh  content  is  being 
studied,  the  tissue  must  be  frozen  with  the  minimum  delay:  either 
excise  it  while  stimulation  is  still  proceeding  and  let  it  fall  directly 
into  liquid  air,  or  pack  it  in  vivo  with  solid  C02,  or  (in  the  case  of 
small  animals)  drop  the  whole  animal  into  liquid  air  and  remove 
the  frozen  tissue  with  chilled  instruments.  Weigh  while  still  frozen 
and  place  in  ice-cold  10%  trichloroacetic  acid  as  above.  (Tissues 
like  brain  and  gut,  which  appear  to  form  and  release  ACh  con¬ 
tinuously  in  the  absence  of  external  stimulation,  are  best  dealt 
with  in  this  way.) 


Grind  the  tissue,  or  mince  it  as  finely  as  possible  with  scissors, 
in  the  chilled  acid  solution.  Cover  the  vessel  and  stand  for  90  min 
at  20  C  ±  5  with  occasional  shaking;  then  filter  (a  small  sintered 
glass  funnel  is  convenient),  washing  the  residue  and  funnel  with 
small  portions  of  10%  trichloroacetic  acid.  (Instead  of  washing, 
the  volume  of  filtrate  may  be  measured  and  taken  as  an  aliquot 
of  the  total  extract,  i.e.,  of  the  combined  volumes  of  the  tissue  and 


ti  ichloroacetic  acid.)  Remove  excess  of  trichloroacetic  acid  by 
repeated  shaking  with  ether  in  a  separating  funnel  until  the 
extiact  is  just  acid  to  congo  red  (pH  3.5-4).  Four  or  5  extractions, 
each  with  3  or  4  vol  of  ether,  are  required;  the  ether  should  pre¬ 
viously  have  been  saturated  with  water  so  as  not  to  reduce  the 
volume  of  the  aqueous  phase.  Remove  ether  by  aeration  and  adjust 
the  volume  of  the  extract  by  adding  distilled  water.  An  extract  so 
prepared  is  stable  for  at  least  2-3  days  if  kept  at  0  C,  and  may 
generally  be  used  directly  for  estimation  of  its  ACh  concentration 
if  thrs  is  well  above  the  threshold  for  the  biological  test.  When  the 
ACh  concentration  is  near  threshold,  1  or  more  of  the  following 
steps  may  be  required.  8 

1.  Neutralize  by  adding  small  portions  of  NaHCO,  until  no 

prednh«eu h'°i  ^  l°  rem°ve  CO='  A  sma11 

precipitate  which  may  form  at  this  stage  is  disregarded.  An  extract 

so  neutralized  must  be  tested  within  2  hr. 


82 


ASSAY  OF  NEUROHUMORS 


2.  Adjust  osmotic  pressure.  Subtract  the  volume  of  tissue  used 
from  the  volume  of  the  extract  and  add  9  mg  of  NaCl  for  each  ml 
of  the  remainder. 

3.  Treat  with  alcohol  to  remove  excess  potassium.  Add  20  vol. 
of  absolute  alcohol  to  the  weakly  acid  extract;  filter;  remove 
alcohol  in  vacuo  but  do  not  evaporate  to  dryness;  adjust  to  volume. 
This  addition  to  the  procedure  is  not  ordinarily  of  value  unless 
the  ACh  content  of  the  tissue  is  less  than  about  0.1  jag/g. 

Remarks.— With  the  trichloroacetic  acid  method  of  extraction, 
ACh  is  lost  in  2  ways,  through  incompleteness  of  extraction  and 
through  acid  hydrolysis  of  the  extracted  ACh.  With  the  conditions 
specified  (incubation  for  H/2  hr  at  room  temperature),  each  of  these 
sources  of  error  gives  a  loss  of  about  5%  (19).  The  ACh  content 
determined  by  assay  should  therefore  be  increased  by  10%  to  give 
the  best  value  for  absolute  ACh  content. 

ACh,  and  substances  interfering  with  its  assay,  are  usually 
present  in  appreciable  quantity  on  the  surface  of  the  skin.  It  is 
therefore  very  important  to  avoid  direct  or  indirect  contact  be¬ 
tween  the  fingers  and  the  extract.  All  glassware  should  be  cleaned 
with  chromic  acid  and  dried  in  the  oven  after  thorough  i  insing. 
Filter  papers  should  be  handled  with  forceps  or  with  fingers  pro¬ 
tected  by  another  paper. 

It  need  hardly  be  said  that  the  results  of  the  extraction  pro¬ 
cedure,  for  each  kind  of  biological  material,  must  always  be  con¬ 
trolled  by  determinations  of  the  reagent  blank  and  of  the  ieco\  ei  \ 
of  small  amounts  of  ACh  added  to  the  trichloroacetic  acid  at  the 
beginning  of  the  extraction. 


ASSAY  OF  FLUIDS  CONTAINING  ACETYLCHOLINE 

Identification  of  ACh:  General  remarks.- No  known  pharmaco¬ 
logic  test  object  responds  specifically  to  ACh.  Hence  it  is  impos- 
sible  to  establish  with  absolute  certainty  that  the  response  of  a 
test  object  to  an  unknown  solution  is  due  entne  y  o 
which  may  be  present.  It  is  usually  possible,  however  to  tes  e 
solution  on  a  number  of  different  tissues  or  organs  and  to  state 
activity  on  each  of  these  in  terms  of  the  concentration  of  ACh 
which  would  produce  the  same  response.  If  the  same  result  within 
the  error  of  the  assay,  is  obtained  in  each  instance,  h  may  be  com 
eluded  that  the  observed  activity  is  probably  due  to  A  , 
probability  that  this  is  so  increases  with  the  numbei  of  te  J 
P  rl  Two  sDecial  tests  for  identity  must  always  be  applied. 
^Uld  bTsh^vn  (1)  that  the  activity  of  the  solution  disappears 
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when  it  is  treated  with  alkali  and  (2)  that  the  solution  is  ineffective 
when  the  test  object  is  treated  with  drugs,  such  as  atropine,  which 
are  more  or  less  specific  antagonists  to  ACh.  If  all  these  criteria 
are  fulfilled  the  likelihood  that  the  activity  is  due  to  ACh  ap¬ 
proaches  certainty,  for  no  other  constituent  of  animal  tissues,  so  lai 
as  is  known,  would  mimic  ACh  throughout  all  these  tests.  (It  is 
perhaps  possible,  as  pointed  out  by  Chang  and  Gaddum  (-1),  that 
tissues  may  contain  other  unstable  choline  esters  which  would  be 
hard  to  distinguish  from  ACh.) 

Two  further  tests  which  aid  in  the  identification  depend  on 
the  ease  with  which  ACh  is  destroyed  by  cholinesterase.  (1)  The 
action  of  the  unknown  solution  on  certain  test  objects,  particularly 
the  leech  and  the  frog’s  rectus,  should  be  much  increased  by 
eserine  or  other  anticholinesterase  drugs.  (2)  The  activity  should 
disappear  rapidly  when  the  unknown  is  mixed  with  blood,  but 
much  more  slowly  when  the  mixture  contains  eserine. 

When  the  material  under  test  is  one  which  has  not  previously 
been  examined,  it  is  important  to  use  as  many  as  possible  of  the 
tests  referred  to  above  in  order  to  determine  whether  ACh  is  in 
fact  its  active  principle.  When,  however,  it  is  fairly  certain  on  the 
basis  of  previous  work  that  no  other  active  substance  will  be  pres¬ 
ent  in  significant  amount,  then  the  identity  tests  can  be  fewer.  The 
worker  will  then  be  mainly  concerned  with  making  as  accurate  a 
comparison  as  is  practicable  of  the  activity  of  his  material  with 
that  of  ACh  in  known  concentration. 

The  most  useful  biological  methods  for  the  assay  of  ACh  appear 
to  be  those  on  the  longitudinal  muscle  of  the  leech  (17,  4),  on  the 
rectus  abdominis  muscle  of  the  frog  (22,  4)  and  on  the  blood 
pressure  of  the  cat  (3).  These  will  now  be  described. 


LONGITUDINAL  MUSCLE  OF  THE  LEECH 

Obtain  a  stock  of  leeches  (Hirudo  medicinalis).  Keep  them  in  a 
large  glass  jar  covered  with  muslin  and  about  s/4  full  of  water,  in  a 
cool,  shady  place.  Change  the  water  weekly  and  feed  them  occa¬ 
sionally  with  raw  liver,  from  which  they  will  suck  the  blood. 

The  whole  of  the  body  wall  is  sensitive  to  ACh,  but  the  dorsal 
wall  is  more  satisfactory  than  the  ventral;  the  anterior  half  of 
this  is  somewhat  more  sensitive  than  the  posterior,  but  both  may 
be  used.  (The  anterior  sucker  is  smaller  than  the  posterior  and 
the  dorsal  surface  is  darker  than  the  ventral.)  Pin  the  leech  out 
on  its  back  and  with  fine  scissors  remove  its  ventral  wall  Then 
cut  away  as  rapidly  and  cleanly  as  possible  all  tissue  adherent  to 
the  mner  surface  of  the  dorsal  wall.  If  this  is  not  done,  the  muscle 
give  troublesome  spontaneous  contractions.  Keep  the  muscle 
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wet  with  Ringer’s  solution  during  its  preparation.  Thread  liga¬ 
tures  through  the  muscle  strip,  1  at  either  end  and  2  near  the 
middle,  and  divide  the  strip  transversely  between  the  latter  2  into 
halves,  each  about  4  cm  long.  One  of  the  ligatures  is  used  for  fixing 
the  muscle  to  the  bottom  of  the  bath,  the  other  for  attachment  to 
the  writing  lever. 

The  bath  can  be  of  the  simplest  possible  type;  a  piece  of  glass 
tubing  1  X  6  cm  flared  at  the  lower  end  to  take  a  rubber  stopper  is 
adequate.  The  stopper  is  pierced  by  a  stainless  steel  hypodermic 
needle  connected  to  the  air  or  oxygen  supply,  a  wire  hook  for 
attaching  the  muscle  and  a  narrow  glass  tube  controlled  by  a 
spring  clamp  for  emptying  the  bath.  Two  such  baths  are  con¬ 
veniently  mounted  with  2  gimbal-type  writing  levers  on  a  single 
stand  so  that  the  contractions  of  2  strips  can  be  recorded  simul¬ 
taneously  on  a  smoked  drum.  A  large  funnel  is  placed  below  the 
baths  to  collect  discarded  solutions. 

A  satisfactory  magnification  is  10-fold  and  a  satisfactory  tension 
about  5  g,  but  individual  preparations  vary  somewhat  in  these 
respects.  The  drum  speed  may  be  about  1  cm/min.  As  the  muscle 
is  not  very  powerful,  the  writing  point  is  apt  to  stick:  this  may  be 
prevented  by  mounting  the  mechanism  of  an  electric  bell  or  similar 
vibrating  device  on  the  stand. 

The  solution  used  for  the  bath  should  be  of  the  type  used  for 
amphibian  tissues.  A  satisfactory  solution  is  made  from  mam¬ 
malian  Locke’s  solution  (NaCl  0.9%,  KC1  0.042%,  CaCl2  0.024%, 
NaHC03  0.05%,  glucose  0.1%)  diluted  1:1.4;  but  considerable 
variation  from  this  formula  is  allowable. 


When  first  set  up,  the  muscle  strip  is  fully  contracted.  No  drug 
should  be  applied  until  it  is  relaxed,  nor  should  the  tension  be 
increased.  Relaxation  is  furthered  by  changing  the  fluid  in  the 
bath  occasionally  (the  fresh  fluid  is  simply  poured  in  at  the  top 
after  the  old  fluid  is  run  out),  and  by  gentle  warming  with  radiant 
heat  to  25-30  C.  When  the  strip  is  fully  relaxed,  its  cut  edges  show 
a  nearlv  straight  instead  of  a  serrated  outline.  The  bath  is  now 
rinsed  out  twice  or  thrice  more  and  eserinized  Locke’s  solution 
(4  X  10-6  eserine  sulfate)  is  substituted  for  the  normal  Locke  s 
solution.  If  the  strip  is  eserinized  before  it  is  fully  relaxed,  it  wi 
go  into  a  long-lasting  contraction  and  the  waiting  period  will  e 
lengthened.  As  eserine  is  not  very  stable  in  Locke’s  solution  a  fresh 
supply  of  the  eserinized  solution  should  be  made  every  _  hr. 

The  assay  begins  some  30  min  after  the  muscle  has  >cen  eserin 
ized,  when  its  sensitivity  to  ACh  is  folly  developed  It  must  be 
carried  out  according  to  a  definite  tune  schedule.  1  he  ext.  act  to  be 
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tested  (or  the  stock  ACh  solution)  is  diluted  in  a  volume  of  Locke’s 
solution  sufficient  to  cover  the  muscle  strip.  The  bath  is  emptied 
(removal  of  the  fluid  increases  the  tension  on  the  lever  slightly  and 
so  signals  the  change)  and  immediately  replaced  by  the  solution 
under  test.  This  is  left  in  the  bath  for  exactly  3  min  (a  somewhat 
shorter  or  longer  time  is  better  with  some  strips);  then  the  kymo¬ 
graph  is  stopped,  and  the  bath  is  emptied  and  rinsed  once  with 
fresh  Locke’s  solution;  5  min  later  the  fluid  is  changed  once  more. 
With  good  preparations  relaxation  is  now  complete,  and  the  next 
addition  of  ACh  solution  is  made  2  min  later.  Often  strips  require 
much  longer— up  to  30  min— for  full  relaxation  and  the  interval 
must  be  prolonged  accordingly.  The  kymograph  is  stopped  while 
the  strip  is  relaxing.  It  is  permissible  to  assist  relaxation  by  stretch¬ 
ing  the  muscle  very  slightly  from  time  to  time,  e.g.,  by  lifting  the 
writing  point  slightly  and  letting  it  fall  back.  Some  leeches  never 
relax  properly;  with  these,  a  rather  unsatisfactory  assay  may  be 
carried  out  from  a  base  line  of  partial  contraction. 

Most  leech  strips  give  a  measurable  response  to  ACh  in  10~9 
concenti  ation,  and  it  is  very  rare  to  find  one  which  does  not 


respond  to  ACh  lCH.  Discrimination  is  best  for  doses  2-4  times 
the  threshold  dose.  When  the  approximate  ACh  content  of  the 
extiact  is  known,  ACh  and  extract  are  administered  alternately 
until  nearly  equal  contractions  have  been  obtained  with  each.  As 
with  all  types  of  biological  assay,  the  program  of  dosage  should, 
when  possible,  be  designed  so  that  the  results  are  suitable  for 
statistical  treatment;  the  arrangement  will  depend  on  the  time 
and  material  available.  Regression  against  time  is  often  significant 
a  loss  of  muscle  sensitivity  being  commoner  than  a  gain;  sometimes 
he  sensitivity  is  much  reduced  by  the  first  treatment  with  ACh 

least  4^  fyi  rly  C°nStant-  A  go°d  Preparation  is  usable  for  at 
Ln  that  h'  gC  mCreaSVn  the  latenC^  of  the  response  is  a 

nrde  U  LPierflIOn  “  detcrioratinS  and  had  better  be  dis- 
aided.  At  the  end  of  an  assay  it  should  be  shown  that  the  activitv 
exti acts  is  abolished  by  treatment  with  alkali. 

I-llectofeserine.-The  uneserinized  leech  muscle  is  verV  insensi- 

byesedne  ThVdehreShfId  ^  bdng  increased  about  1000-fold 
to  SenS,tlZati°n  varies  a  good  deal  from  one 

don  has  left  murl  “  appears  to  be  greatest  when  the  dissec- 

bod y  wa  1 1  ^Eserin e  a I  st^erpa 1 7  &  ^  °"  ^  in"er  ""face  of  the 
choline  esters  but  i  g  a  }  sensitlzes  the  leech  to  other  unstable 

-  oth:;::™ua;nx::cney  r;^™ely  <2;f°w>  - 

'eech  is  much  pot/nt^ted  by  es  in/  b  i  n" 

ACh  is  presen,  i„  significant aZZ'  "  '‘‘Shly  pr°bable  th=>t 
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re- 


Effects  of  other  substances.— d-Tubocurarine  prevents  the 
sponse  to  ACh,  but  atropine  does  not.  Nicotine  (and  many  other 
bases)  are  very  active  in  producing  contraction.  It  is  not  a  good 
idea  to  smoke  while  carrying  out  an  assay.  Histamine,  adenosine 
derivatives  and  most  other  tissue  vasodilator  substances  do  not 
affect  the  leech  muscle  (4).  Choline  and  potassium  cause  it  to  con¬ 
tract  and  when  present  in  subthreshold  concentration  may  con¬ 
siderably  increase  its  response  to  ACh  (26).  Potassium  in  threshold 
concentration  may  relax  the  leech.  The  contraction  evoked  by 
either  of  these  substances  differs  in  appearance  from  an  ACh  con¬ 
traction,  but  their  mixtures  with  ACh  may  appear  to  act  exactly 
like  ACh.  There  may  be  other  tissue  constituents  which  act  simi¬ 
larly;  still  others  may  depress  the  ACh  response.  Unless  there  is 
good  reason  to  believe  that  such  substances  are  present  in  negligi¬ 
ble  amount,  their  interfering  effect  must  be  allowed  for;  this  is 
best  done  by  the  method  of  Feldberg  (9). 

Feldberg’s  method  .—The  standard  ACh  solutions,  instead  of 
being  made  up  in  Locke’s  solution,  are  mixed  with  a  portion  of 
the  extract  to  be  tested,  which  has  previously  been  freed  from  ACh 
by  adding  1/10  vol  of  N  NaOH,  boiling  for  1  min  and  then 
neutralizing  with  N  HC1.  The  dose  of  active  extract  must,  of 
course,  represent  the  same  amount  of  tissue  as  the  dose  of  inactive 
extract  (ACh-free)  with  which  it  is  being  compared.  Feldberg’s 
procedure  should  always  be  used  unless  there  is  ample  evidence 
that  its  omission  will  make  no  difference  to  the  results.  In  general, 
this  is  the  case  only  when  extracts  of  ACh-rich  material  (e.g.,  some 
peripheral  nerves  and  ganglia)  are  tested  on  sensitive  objects  like 
the  leech  or  cat’s  blood  pressure.  It  is  possible  that  the  alkali 
treatment  may  destroy  or  give  rise  to  interfering  substances,  in 
addition  to  destroying  ACh;  but  it  seems  unlikely  that  any  large 

error  can  be  introduced  in  this  way. 

When  the  ACh  content  of  blood  or  plasma  samples  is  being 

determined,  the  ACh  standard  can  generally  be  made  up  in  a 
suitable  dilution  of  control  blood  or  plasma  sample.  Mammalian 
blood  and  plasma,  after  being  diluted  1:1.4,  usually  do  not  alter 
the  sensitivity  of  the  muscle  to  any  important  extent. 

Sensitivity  of  the  met/iod.-ThreshoId  concentration  about  10  . 

threshold  dose  (for  a  5  ml  bath)  about  0.005  gg. 

Accuracy  -Very  variable:  standard  deviation  for  successive  com- 
parens  (2  doses 'of  ACh  +  2  doses  of  extract  per  comparison)  of 

“blv  Lble  object  for  identification  of  ACh  and  for 
rough  quantitative  work  where  high  sensitivity  is  required.  Intol- 
erablv  slow  when  many  samples  must  be  teste  . 
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FROG  RECTUS  ABDOMINIS 


The  apparatus  required  is  the  same  as  for  the  leech.  The  prepa¬ 
ration  is  even  simpler  to  set  up.  No  particular  care  in  handling  is 
required  and  unsuitable  preparations  are  rare  except  at  certain 
seasons;  at  these  times  sensitivity  is  improved  by  storing  frogs  at 
2-3  C  for  a  few  days  (12).  With  small  frogs  (Rana  temporaria  or 
pipiens),  the  whole  rectus  of  1  side,  including  a  small  piece  of 
sternum,  is  suspended  in  the  tissue  bath;  with  larger  species,  the 
lower  part  of  the  muscle  only  is  used.  The  ligature  at  the  pectoral 
end  of  the  muscle  includes  all  the  fibres  at  that  level;  the  ligature 
at  the  pelvic  end  is  around  the  tendinous  insertion.  Magnification 
may  be  10-fold,  tension  about  4  g.  Otherwise  the  procedure  is  as 
for  the  leech,  and  the  same  formula  for  Locke’s  solution  (p.  84) 
is  used. 

The  preparation  may  be  eserinized  as  soon  as  set  up,  the  concen¬ 
tration  of  eserine  sulfate  being  10-6.  Sensitization  is  nearly  com¬ 
plete  in  30  min.  The  substitution  of  TEPP  (tetraethyl  pyrophos¬ 
phate)  for  eserine  roughly  doubles  the  sensitivity;  use  a  concen¬ 
tration  of  5  X  10~6  for  20  min,  thereafter  10~8  (3a). 

As  with  the  leech,  a  regular  time  schedule  must  be  followed,  but 


the  rectus  contracts  and  relaxes  much  more  rapidly;  2  min  contact 
with  the  ACh  solution  is  usually  sufficient.  The  contraction  may 
be  not  quite  complete  at  the  end  of  this  period;  nevertheless  the 
drum  is  then  stopped  and  the  fluid  in  the  bath  changed.  The 
time  allowed  for  relaxation  is  usually  8  min  but  can  often  be 
shorter,  during  this  time  the  bath  is  rinsed  once.  The  response 
of  the  muscle  increases  rapidly  with  ACh  concentration  and  is 
remarkably  reproducible,  but  there  is  commonly  a  slow  steady 
falling  off  in  sensitivity.  The  response  to  a  given  dose  of  ACh 
tends  to  be  smaller  when  the  preceding  contraction  has  been 
large,  and  vice  versa;  this  tendency  is  most  apparent  when  the 
time  allowed  for  relaxation  is  short.  It  is  convenient  to  make  a 
rough  estimate  of  the  ACh  in  each  extract  and  then  to  alternate 
doses  of  extract  and  standard  solution  according  to  a  regular 
scheme,  making  the  comparison  at  2  dose  levels  in  each  instance 
If  the  contractions  are  spaced  regularly  on  the  kymograph,  straight 
ines  may  be  drawn  to  fit  the  apices  of  successive  responses  to 
equal  doses,  and  serve  as  a  basis  for  interpolation.  A  better  pro¬ 
cedure,  when  time  permits,  is  to  give  3  doses  each  of  standard  and 
unknown  in  systematically  randomized  order  and  treat  the  results 

thU“betiS-  ^  thC  end  °f  thC  aSSa>'  k  Sh™ld  shown 

the  r  acdon  on  0n  treatmem  with  alkali  and  that 

about  ih  n  CUranzed  or  atropinized  muscle  is  reduced  to 

about  the  same  degree  as  the  action  of  ACh. 
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Effect  of  eserine.— This  is  much  less  striking  than  in  the  case 
of  the  leech,  the  usual  sensitization  being  about  10-fold.  The 
responses  to  choline  and  potassium  are  only  slightly  potentiated. 
As  with  the  leech,  a  large  potentiation  by  eserine  of  the  effect  of 
an  extract  indicates  that  ACh  is  probably  present. 

Effects  of  other  substances—  Atropine  and  d-tubocurarine  pre¬ 
vent  the  ACh  contraction.  Tissue  vasoactive  substances  other  than 
choline  and  potassium  have  no  effect  (4).  Both  the  latter  produce 
contractions  of  the  rectus  differing  in  form  from  the  contraction 
elicited  by  ACh.  The  threshold  concentration  is  about  10  4  for 
choline  chloride  and  10-3  lor  K.C1,  but  smaller  concentrations 
may  potentiate  the  ACh  response.  The  leech  and  the  rectus  are 
about  ecjually  sensitive  to  choline  and  potassium,  but  the  leech  is 
about  10  times  as  sensitive  to  ACh;  interference  by  the  former  2 
substances,  and  possibly  by  other  ingredients  of  tissue  extracts,  is 
therefore  more  likely  to  occur  in  the  rectus  than  in  the  leech  assay. 
Standard  ACh  dilutions  should  always  be  prepared  by  Feldberg’s 
method. 

Sensitivity  of  the  method.— Threshold  concentration  about  10~8 
(varies  with  season);  threshold  dose  (for  a  5  ml  bath)  about  0.05  ^g. 

Accuracy.— Reliable:  standard  deviation  for  successive  compari¬ 
sons  (2  doses  of  ACh  -f-  2  doses  of  extract  per  comparison)  of  the 
order  of  ±5%.  (Systematic  errors  neglected.) 

Remarks.— Probably  the  most  convenient  and  precise  of  the 
methods  generally  available,  but  less  sensitive  than  the  leech  and 
the  cat’s  blood  pressure. 


CAT’S  BLOOD  PRESSURE 

Young  cats,  especially  females,  are  best.  Induce  anaesthesia  with 
ether  and  continue  with  intravenous  injection  of  chloralose  (8 
ml/kg  of  a  1%  solution  in  0.9%  NaCl).  Maintain  rectal  tempera¬ 
ture  at  38  C.  Cannulate  the  trachea,  a  jugular  or  femoral  vein 
(for  injections)  and  a  carotid  artery  (for  recording  blood  pressure 
with  Hg  manometer).  Open  the  abdomen  by  a  midline  incision 
and  remove  the  gastrointestinal  tract  after  double-tying  and  cut¬ 
ting  successively  the  rectum,  inferior  and  supeiioi  mesenteiic  and 
coeliac  arteries,  oesophagus  and  portal  vein.  This  operation  should 
take  about  5  min.  and  blood  loss  should  be  negligible.  Insure  that 
there  is  no  abdominal  bleeding,  then  close  the  abdomen.  I  he  ca¬ 
rotid  cannula  and  its  connections  should  be  filled  initially  with 
0.9%  NaCl;  to  prevent  clotting,  the  cannula  is  silicone-treated 
(13a)  and  0.5  ml  of  1%  sodium  heparin  solution  is  injected  into  it 
via  its  side-arm  before  the  arterial  clamp  is  removed  Inject  -a 
ml  /k g  of  0.9%  NaCl  and  I  mg/kg  of  pyramsamine  maleate  (Neo- 
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antergan)  or  other  antihistamine  drug  having  no  effect  on  the  de¬ 
pressor  response  to  intravenous  ACh.  II  breathing  is  regular  and 
the  blood  pressure  tracing  is  free  from  disturbing  fluctuations,  the 
animal  is  ready  for  the  assay;  if  not,  administer  artificial  respira¬ 
tion  by  mechanical  means  (avoid  overventilation).  I  he  blood 
pressure  always  exceeds  100  mm  Hg  if  the  cat  is  healthy  and  has 
been  carefully  prepared. 

Lest  the  sensitivity  of  the  cat:  if  it  does  not  respond  by  a  per¬ 
ceptible  fall  of  blood  pressure  to  0.002  /xg/kg  of  ACh  it  should 
be  given  eserine  (0.05-0.1  mg/kg  of  escrine  sulfate).  About  10  min 
is  required  for  full  sensitization,  but  in  some  cats  the  sensitivity 
is  not  much  changed  by  eserine.  Excess  of  eserine  leads  to  progres¬ 
sive  circulatory  failure  and  must  be  avoided.  Proceed  with  the 
assay  on  normal  lines,  alternating  doses  of  unknown  and  test  solu¬ 
tion  at  regular  intervals  of  2  or  3  min.  The  total  volume  of  solu¬ 
tion  injected  on  each  occasion  should  be  the  same.  Cats  usually 
remain  useful  for  3-4  hr  or  more,  but  there  may  be  moderate 
fluctuations  of  sensitivity  during  this  time.  When  the  basic  blood 
pressure  level  changes,  the  sensitivity  usually  changes  in  the  same 
sense.  Discrimination  is  usually  best  for  doses  of  1.5-3  times 
threshold,  but  may  be  superior  at  a  higher  dosage  level.  The  re¬ 
marks  in  the  preceding  sections  about  design  and  statistical  treat¬ 
ment  of  the  assay  apply  here  too.  At  the  end  of  an  assay  it  should 
be  shown  that  the  depressor  effect  of  extracts  is  destroyed  by  alka- 
linizing  them  and  cannot  be  elicited  in  the  atropinized  cat  (atro¬ 
pine  sulfate  1  mg/kg). 

About  1  cat  in  10  is  useless  for  the  assay  because  of  low  sensitiv¬ 
ity  or  poor  discrimination  between  different  doses. 

\\  hen  blood  piessure  falls  too  low,  the  cat’s  period  of  usefulness 
can  often  be  prolonged  by  injecting  a  large  volume  of  saline  or  of 
20%  glucose  solution,  by  injecting  ephedrine  sulfate  (1-2  mg/kg) 

or,  better,  by  injecting  clextran  or  a  similar  colloidal  bloocf  sub¬ 
stitute. 


tfject  of  eserine.- Usually  not  striking  enough  to  be  of  value 
as  an  identity  test  for  ACh.  The  depressor  effects  of  choline  and 
potassium  are  not  modified  by  eserine. 

\ctrl  r  oiher  ?ubsiat*ces-~Atr°pine  prevents  the  effects  of 
Ti  ,]  10  me  aciS  '^e  A<"h,  but  about  1000  times  less  powerfully 
I  he  depressor  effect  of  KCI  is  usually  more  transient  than  that  of 

i  an  may  be  accompanied  by  slowing  of  the  heart  Histamine 

cannot  m.erfere  in  the  presence  of  a  suitable  an.ihistamineTrug 
.  enosint ;  dei  ivatives  or  other  depressor  substances  mav  interfere 
m  t  ie  testing  of  extracts  from  ACh-poor  tissues.  Feldberg’s  method 
9  ’  and  5ee  PP-  8,i  -<>  ">3)  Should  always  be  used  for  testing 
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extracts  of  unfamiliar  type  but  can  generally  be  dispensed  with 
for  routine  work. 

Sensitivity  of  method.—' Threshold  dose  (2  kg  cat)  0.003-0.006 
fxg,  occasionally  0.001  ^g. 

Accuracy—  Fairly  variable:  standard  deviation  for  successive 
comparisons  (2  doses  of  ACh  +  2  doses  of  extract  per  comparison) 
usually  about  ±10%.  (Systematic  errors  neglected.) 

Remarks.— The  most  rapid  method  when  many  samples  have  to 
be  tested  and  the  highest  accuracy  is  not  needed;  about  equal  to 
the  leech  in  sensitivity. 


OTHER  METHODS 


An  incomplete  list  of  references  to  other  methods  of  assay  is 
given  in  Table  1  with  a  brief  appraisal  of  their  merits.  The  writers 
have  little  or  no  experience  of  any  of  them.  At  least  1  of  them, 
that  using  the  Venus  heart,  appears  to  be  an  excellent  all-purpose 
method  but  is  not  available  at  all  times  and  places. 

TABLE  1 

Test  Object  References  Remarks 


Frog  heart  (cf.  16) 

(Straub’s  cannula) 

Venus  mercenaria  20,  27 , 21 


Good  sensitivity  but 
low  specificity;  classic 
test  object  but  now  super 
seded 

Sensitive,  rapid,  specific 


heart 

Cat  denervated 
gastrocnemius 
(in  vivo) 
Rabbit  intestine 
(in  vitro) 


4  Specific,  but  laborious, 

not  very  sensitive 

0  Quick,  accurate  for 

material  rich  in  ACh,  but 
responds  to  many  inter¬ 
fering  substances 


Guinea-pig  intestine 
(in  vitro;  with 
antihistamine) 

Mouse  intestine 
(in  vitro) 

Rat  denervated 

diaphragm  (in  vitro) 

Frog  lung  (in  vitro) 

Rat  chromodacryorrhoea 

(“bloody”  tears) 


Not  very  high  sensitivity 
but  great  speed  and 
accuracy 

Erratic  but  fantastically 
sensitive  (up  to  10~19  or 
more) 

More  useful  for  assay  of 
anticholinesterase  drugs 


SELECTION  OF  METHODS  AND  EXPRESSION  OF  RESULTS 
Evidently  no  rule  can  be  laid  down:  the  material  to  be  assayed, 
available  lime  and  facilities  have  to  be  considered.  When  it  is 
reasonably  certain  that  ACh  is  the  only  substance  present  likely 
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to  affect  the  test  object,  the  single  most  convenient  method  will 
be  chosen.  When  this  is  not  the  case,  at  least  2  test  objects  must 
be  used  before  much  confidence  can  be  placed  in  the  results.  1 
will  usually  be  thought  sufficient  to  use  the  cat’s  blood  pressure 
test,  and  either  the  frog  rectus  or  the  leech.  The  first  of  these 
depends  on  the  muscarine-like  activity  of  ACh  and  the  other  2 
on  its  nicotine-like  activity,  the  rectus  giving  the  more  repro¬ 
ducible  results  and  the  leech  the  higher  sensitivity.  The  appro¬ 
priate  sensitizing  (eserine,  etc.)  and  antagonizing  (atropine,  curare) 
drugs  should  be  used  whenever  applicable,  and  the  alkali-inactiva¬ 
tion  procedure  in  every  instance.  Other  procedures  (rate  of  inacti¬ 
vation  by  cholinesterase,  etc.)  and  test  objects  (see  Table  1)  may 
be  found  useful  in  special  cases. 

ACh  concentrations  should  always  be  stated  as  so  much,  per  g 
or  ml,  of  a  particular  ACh  salt,  preferably  the  chloride. 


Comment  by  John  H.  Welsh 


Much  of  the  more  recent  work  on  the  quantitative  estimation  of  ACh  has 
been  done  in  England,  and  the  methods  described  by  Macintosh  and  Perry 
are  based  on  older  procedures  modified  according  to  the  experience  of 
British  workers.  For  the  estimation  of  total  ACh  in  tissues  and  fluids,  the 
procedures  for  preparing  extracts  and  for  their  assay,  as  outlined,  should  be 
most  valuable  in  fostering  the  adoption  of  a  more  universal  standardization 
of  methods.  It  would  appear  desirable,  however,  to  remain  open-minded 
concerning  the  question  of  the  existence  of  physiologically  significant 
amounts  of  “free”  ACh  in  normal  tissues  and  to  continue  to  explore  methods 
for  its  separation  and  estimation.  There  is  considerable  evidence  that,  in 
different  tissues,  characteristic  ratios  of  “free”  to  “bound”  ACh  do  exist  and 
that  they  may  be  altered  in  vivo  by  experimental  procedures.* 

By  way  of  more  specific  comment,  it  should  be  borne  in  mind  that  there 
are  various  simple,  rapid  methods  for  denaturing  proteins  thereby  destroy¬ 
ing  cholinesterase  and  releasing  most  if  not  all  of  the  bound  ACh,  such  as 
heating,  HC1,  alcohol  and  combinations  of  these  (e.g.,  cf.  Prajmovsky  and 
Welsh).  These  are  often  quite  adequate  when  large  numbers  of  extractions 
have  to  be  made  and  relative,  rather  than  absolute,  values  are  important. 
With  trichloroacetic  acid  extraction,  the  acid  and  ether  have  a  deleterious 
effect  on  test  preparations  and  they  must  be  removed  from  the  extract  with 
care.  This  is  a  time-consuming  procedure. 

Outside  the  European  area  the  leech,  Hirudo  medicinalis  is  often  obtain¬ 
able  only  with  difficulty.  In  the  United  States  native  leeches  may  be  substi¬ 
tuted  for  Hirudo,  and  of  those  which  we  have  tried  the  common  Macrob- 
della  decora  has  proved  most  satisfactory  for  ACh  estimation. 


*£>  Corteggiani,  E.:  Contribution  a  l’etude  de  l’acetylcholine  libre  et  dissi- 
mul£e  sous  forme  d  un  complexe  dans  le  cerveau.  These  de  Paris,  1938-  (b) 

£XTi  yi  H  Neurophysio!.  11:!,  1948;  (c)  Tobias  j!  ffj 

Kollros,  J.  J.,  and  Savit,  J.:  J.  Cell.  &  Comp.  Physiol.  28:159,  1946. 


92 


ASSAY  OF  NEUROHUMORS 

We  have  used  the  isolated  Venus  heart  for  ACh  determinations  for  six 

K  I-?ifen,SltlVlty  1S  Hlgh.’  thC  threshold  concentration  of  ACh  being  about 
U  .  lhe  log-concentration-action  curve  is  very  steep  and  nearly  lineai 
between  20%  and  80%  inhibition,  permitting  one  to  distinguish  differences 
in  ACh  concentration  as  small  as  0.0002  M g/ml  of  bathing  fluid.  No  sub¬ 
stance  has  been  found  having  a  higher  activity  on  the  heart  than  ACh,  and 
other  tissue  substances  such  as  potassium  appear  to  interfere  in  no  way  with 
the  assay.  The  standard  deviation  for  successive  comparisons  is  of  the  ordei 
of  ±5%.  Anti-cholinesterases  potentiate  the  action  of  ACh  only  2-3  fold, 
hence  the  method  of  potentiation  by  eserine  cannot  be  used  in  the  identifi¬ 
cation  of  ACh.  For  the  rapid  estimation  of  small  amounts  of  ACh  or  small 
differences  in  ACh  content  of  extracts,  the  Venus  heart  is  probably  superior 
to  the  other  standard  assay  preparations. 
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Isolation  of  Acetylcholine  from  Bacteria 

KENNETH  HARRISON.  King’s  College.  Cambridge 


Sometimes  it  is  desirable,  in  confirmation  of  biological  assay, 
to  recover  ACh  as  a  crystalline  derivative.  Hitherto  the  gold  and 
platinum  salts  have  often  been  employed.  But  several  organic 
bases,  chemically  allied  to  ACh.  also  form  metallic  salts  which  can 
only  be  removed  by  tedious  fractionation.  Ackermann  and  Mauer 
(1)  discovered  that  hexanitrodiphenylamine  (dipicrylamine)  forms 
a  salt  (or  “hexylate”)  with  ACh,  soluble  in  water  to  the  extent  of 
1:10,000  only;  whereas  the  hexylate  of  choline  is  about  10  times 
more  soluble.  Unless,  therefore,  the  concentration  of  choline  con¬ 
siderably  exceeds  that  of  ACh  in  a  mixture,  the  separation  of  these 
2  bases  should  be  relatively  simple. 

Acetylcholine  hexylate  crystallizes  from  water  in  beautiful  red 
glistening  plates,  m.p.  125°  (corr.).  The  crystal  habit  of  the  choline 
and  propionylcholine  derivatives  is  similar,  but  the  former  melts 
at  233°  (corr.)  and  the  latter  at  113°  (corr.).  On  analysis  the  hexyl¬ 
ate  of  ACh,  in  common  with  other  aromatic  nitro-compounds, 
tends  to  yield  high  figures  for  C  and  low  for  N,  owing  to  traces  of 
NOo  being  estimated  as  COL>.  For  example: 


c. 


Calc. 

Found 


39.03 

39.3 


3.45 

3.35 


•N  /o 

19.19 

18.8 


But  il  the  difference,  C  found  —  C  calc.,  be  transferred  to  N  found, 
the  result  is  not  unsatisfactory. 

Several  strains  of  Lactobacillus  can  acetylate  choline  when 
grown  under  the  right  conditions  (2).  ACh  diffuses  from  the  cells 
into  the  medium,  but  it  has  not  yet  been  found  possible  to  precipi¬ 
tate  the  hexylate  from  the  whole  culture,  after  removal  of  the 
cells,  owing  to  impurities  in  the  medium  which  interfere  with 
the  reaction.  ACh  remaining  in  the  cells,  however,  could  be  isolated 

this  way:  after  culture  in  the  growth  medium,  the  cells  were 
centrifuged  and  the  supernatant  discarded;  they  were  then  sus¬ 
pended  in  the  reaction  medium  (containing  choline)  for  an  ap¬ 
propriate  time,  and  the  second  supernatant  discarded.  Then  the 

I  i  ™ere  susPentied  ln  10  ml  of  water  plus  1  ml  of  2M  H  PO 
boded  ant.  cooled.  The  cel,  debris  was^entrifuged amfute 
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clear  supernatant  brought  to  pH  7.0-7.5  by  cautious  addition  of 
dilute  ammonia;  to  it  was  added  a  considerable  excess  of  a  warm 
filtered  aqueous  solution,  also  at  pH  7. 0-7. 5,  of  the  ammonium 
salt  of  hexanitrodiphenylamine  (Aurantia).  After  gentle  heating 
of  the  mixture  to  60°  for  a  few  minutes,  and  cooling  in  ice  for 
several  hours,  the  hexylate  was  filtered  off  and  recrystallized,  first 
from  boiling  10%  (v/v)  ethanol  in  water  and  finally  from  boiling 
water.  For  analysis  the  crystals  were  dried  over  phosphorus  pent- 
oxide  in  vacuo. 
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Synthesis  of  Acetylcholine  (Choline  Acetylase) 

W.  FELDBERG,  National  Institute  for  Medical  Research,  London 


Synthesis  of  ACh  can  be  studied  under  the  following  condi¬ 
tions:  (1)  in  whole  organs,  (2)  in  tissue  slices,  pulp  or  dried  tissue 
incubated  in  a  saline  medium,  (3)  in  minced  dried  tissue  suspended 
in  a  mixture  of  saline  and  chloroform  or  of  saline  and  ether,  and 
(4)  in  saline  extracts  prepared  from  homogenized  or  acetone-dried 
tissue.  Whichever  method  is  used,  eserine  or  some  equally  effective 
inhibitor  of  cholinesterase  must  be  added  to  the  medium  in  order 
to  prevent  the  hydrolysis  of  the  ACh  formed,  although  it  should 
be  pointed  out  that  saline  extracts  from  acetone-dried  tissue  con¬ 
tain  only  mere  traces  of  cholinesterase. 

In  the  first  3  conditions  the  enzyme  system  is  still  attached  to 
the  particulate  matter  of  the  tissue,  although  not  necessarily  to 
intact  cells;  the  ACh  is  synthesized  within  the  cells  or  cell  granules 
and,  before  being  brought  into  solution,  it  must  be  released  from 
them.  The  tissue  particles  maintain  their  normal  store  of  ACh  or 
rather  have  the  tendency  to  replace  the  store  as  long  as  synthesis 
is  allowed  to  proceed,  but  appear  to  be  unable  to  build  up  a  store 
of  ACh  greater  than  their  normal  physiological  complement  (11, 
12).  Synthesis  under  these  conditions  therefore  is  closely  linked 
with  and  dependent  upon  the  release  of  ACh  and  its  diffusion 
from  the  vicinity  of  the  enzyme;  it  is  thus  not  always  easy  to 
distinguish  clearly  between  effects  promoting  release  and  forma¬ 
tion  respectively.  In  the  fourth  method  the  enzyme  is  in  solution 
and  the  ACh  is  synthesized  as  free  ACh.  There  are  a  great  number 
of  substances  which  have  been  found  to  accelerate  or  inhibit 
synthesis  of  ACh,  but  some  of  them  have  different  effects  accord¬ 
ing  to  the  conditions  used  for  studying  the  synthesis.  This  has  to 
be  kept  in  mind  when  contradictory  results  are  obtained  with 
different  methods. 

Historical  and  general—  The  first  observations  on  the  formation 
of  ACh  by  tissue  extracts  were  made  by  Beznak  (1)  with  frog  heart 
and  by  Chang  (2)  with  human  placenta;  but  the  systematic  study 
began  with  the  work  of  Quastel  and  his  co-workers  (31  32  41)  and 
of  Stedman  and  Stedman  (42,  43).  The  former  used  slices  and  pulp 
of  brain  tissue  incubated  in  a  saline  medium,  the  latter  suspensions 
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of  brain  tissue  in  a  mixture  of  saline  with  ether  or  of  saline  with 
chloroform.  Both  methods  have  since  been  used  for  various  tissues. 
In  addition  it  was  shown  that  the  enzyme  responsible  for  the  syn¬ 
thesis  of  ACh  withstood  drying  in  vacuo  (11). 

A  far-reaching  advance  was  made  in  1943  when  Nachmansohn 
and  Machado  (38)  succeeded  in  bringing  the  enzyme  into  solution. 
They  found  that  homogenized  brain  would  synthesize,  in  strictly 
anaerobic  conditions,  large  amounts  of  ACh  provided  adenosine 
triphosphate  (ATP)  and  choline  were  present.  Homogenizing  the 
brain  readily  extracted  the  enzyme  from  the  tissue  particles  and 


brought  it  into  solution,  as  was  shown  by  the  fact  that  the  extracts 
did  not  diminish  in  activity  when  all  granules  were  removed  by 
centrifugation  (20).  There  had  been  previous  evidence  to  show 
that  choline  accelerated  the  synthesis  of  ACh  (la,  31),  but  the 
results  now  obtained  by  Nachmansohn  and  Machado  were  much 
more  striking  and  allowed  them  to  conclude  that  the  enzyme 
acetylated  choline.  They  termed  it  choline  acetylnse.  Conceining 
the  action  of  ATP,  their  experiments  attributed  an  entirely  new 
role  to  this  substance  and  suggested  that  the  energy  required  for 
acetylation  could  be  derived  from  energy-rich  phosphorylated 
compounds.  From  their  further  finding  of  an  inhibiting  effect  of 
copper  and  iodine  on  the  synthesis  they  could  postulate  the  pres¬ 
ence  of  active  SH  groups  in  the  enzyme. 

This  suggested  to  Feldberg  and  Mann  (18,  20)  that  the  oxidation 
of  SH  groups  to  inactive  SS  groups  could  explain  the  inhibiting 
effect  of  oxygen.  They  were  able  to  show  that  when  such  oxidation 
was  prevented  or  reversed  by  the  presence  in  the  medium  o  SH 
compounds,  such  as  reduced  glutathione  or  cysteine  synthesis 
of  ACh  then  occurred  under  aerobic  conditions  as  well.  Feldberg 
and  Mann  (19,  20)  showed  further  that  the  enzyme  could  >e 
extracted  from  acetone-dried  brain  tissue  and  that  this  procedure 
yielded  more  active  preparations  than  homogenates,  the  met! 
has  later  been  used  independently  by  hJachmansohn  and  is 
workers  as  well  as  by  all  other  workers  in  this  field.  Feldberg  and 
Mann  19,  21)  also  showed  that  ATP  could  not  be  replaced  by 
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hibitors  of  the  synthesis  are  the  a-ketoacids  (34)  and  certain  naph¬ 
thoquinones  (33,  39)  such  as  methylnaphthoquinone,  the  com¬ 
pound  with  vitamin  K  activity.  For  pyruvic  acid,  Stedman  and 
Stedman  (42,  43)  had  already  observed  an  inhibiting  action  when 
using  brain  pulp  suspended  in  a  mixture  of  saline  with  ether;  but 
in  a  saline  medium  pyruvate  did  not  inhibit  but  accelerated 
synthesis  (32).  Recently  Nachmansohn  and  Weiss  (39)  found  that 
a-ketoacids  were  ineffective  on  a  highly  purified  enzyme  prepara¬ 
tion  obtained  from  squid  ganglia,  whereas  the  naphthoquinone 
with  vitamin  K  activity  was  still  effective.  I  hree  other  substances 
deserve  special  mention:  citrate,  acetate  and  the  acti\atoi  oi  the 
coenzyme  of  acetylation. 

Nachmansohn,  John  and  Waelsch  (34,  36)  observed  that  enzyme 
preparations  which  had  been  inactivated  by  dialysis  could  be 
reactivated  by  certain  acids.  At  that  time  the  main  emphasis  was 
on  glutamic  acid,  but  citric  acid  was  mentioned  as  well.  Later 
experiments  showed  that  the  inactivation  of  the  enzyme  prepara¬ 
tion  by  dialysis  was  due  to  removal  of  the  activator  or  coenzyme 
and  not  to  loss  of  glutamic  or  citric  acid,  but  the  work  showing 
strong  action  of  citrate  was  started  by  these  experiments.  It  has 
since  been  shown  (19,  21,  30,  39)  that  citrate  accelerates  the  syn¬ 
thesis  of  ACh  whether  the  enzyme  extract  has  been  dialyzed  or  not. 
The  effect  of  citrate,  which  may  be  replaced  by  cis-aconitate  or  1-iso¬ 
citrate  (7,  30),  is  not  yet  fully  understood,  but  is  known  to  be  de¬ 
pendent  on  the  presence  of  Mg  or  Mn  ions  (13,  15,  32).  Citrate  has 
been  thought  to  be  a  source  or  a  “donor”  of  active  acetate  (12,  30, 
39),  because  when  acetate  itself  was  added  to  the  extracts  it  had 
little  effect.  On  the  other  hand,  recent  work  (39)  with  a  highly 
purified  enzyme  preparation  from  squid  ganglia  indicates  that 
the  enzyme  may  be  able  to  use  acetate  directly.  When  acetate  con¬ 
taining  isotopic  C  was  added  to  the  reaction  medium,  synthesis 
was  accelerated  and  the  ACh  formed  contained  the  isotopic  C. 
On  this  enzyme  preparation  citrate  had  in  fact  an  inhibiting  effect, 
so  that  it  cannot  always  be  regarded  as  an  accelerator  for  the 
formation  of  ACh.  I  his  instance  illustrates  the  difficulty  of  stating 
generally  valid  conditions  for  obtaining  optimal  synthesis.  For 
each  new  method  and  tissue  the  different  active  substances  have 
to  be  re-examined. 

In  1945  Feldberg  and  Mann  (19,  21)  observed  that  a  heat-stable, 
dialyzable  substance— the  activator — which  is  normally  present  in 
extracts  prepared  from  fresh  and  acetone-dried  tissue  was  essential 
for  optimal  synthesis  of  ACh.  A  similar  observation  was  made 
independently  shortly  afterward  by  Lipton  (29),  Lipmann  and 
Kaplan  (27)  and  Nachmansohn  and  Berman  (33).  These  workers 
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called  the  substance  the  coenzyme  of  acetylation  or  coenzyme  A. 
The  coenzyme  is  present  in  the  boiled  juice  from  many  animal 
tissues  and  from  yeast  (21,  26,  27,  33);  a  highly  active  preparation 
has  been  obtained  from  hog’s  liver  (27,  33).  It  appears  to  be  a 
derivative  of  pantothenic  acid  and  to  be  the  coenzyme  for  acetyla¬ 
tion  in  general  and  not  for  acetylation  of  choline  alone  (28,  40). 
The  accelerating  effect  of  yeast  extracts  was  attributed  to  flavine- 
adenine  nucleotide  by  Comline  (4).  Recently,  however,  he  (5)  has 
shown  that  it  is  due  to  the  presence  of  coenzyme  A. 

There  is  substantial  evidence  that  coenzyme  A  is  required  also 
for  the  formation  of  ACh  in  tissue  slices  or  pulp  incubated  in  a 
saline  medium  or  suspended  in  a  mixture  of  saline  with  ether  or 
chloroform  (11,  12,  32).  In  all  such  experiments,  therefore,  the 
volume  of  the  reaction  medium  may  affect  the  rate  of  synthesis, 
since  the  concentration  of  activator  is  critical  and  it  may  have 
little  effect  in  dilute  solution.  This  dilution  effect  can  be  avoided 
by  adding  sufficient  boiled  tissue  juice  (Kochsaft)  or  other  prepara¬ 
tion  of  coenzyme  A  to  the  incubation  medium. 

Occurrence  of  choline  acetylase.— The  enzyme  is  found  in  nerv¬ 
ous  and  non-nervous  tissue  and  in  vertebrates  and  invertebrates. 


It  occurs  in  nerve  fibres  and  endings  of  the  peripheral  and  of  the 
central  nervous  system  and  is  probably  a  property  of  the  tissue  of 
the  axon  but  not  of  the  myelin  sheath.  So  far  there  is  no  evidence 
that  the  nerve  cells  themselves  contain  the  enzyme,  or  contain  it  in 
appreciable  amounts.  The  fact  that  the  gray  matter  of  the 
central  nervous  system  is  rich  in  choline  acetylase  does  not  neces¬ 
sarily  mean  that  it  is  derived  from  the  cell  bodies;  the  numerous 
nonmyelinated  nerve  fibres  which  give  the  tissue  its  grayish  ap¬ 
pearance  may  well  be  its  main  source. 

There  is  difference  of  opinion  about  the  distribution  of  choline 
acetylase  in  different  sorts  of  nerve  fibres.  It  is  certainly  present 
in  large  amounts  in  cholinergic  fibres,  and  some  workers  (33,  35) 
claim  that  it  occurs  also  in  sensory  nerve  fibres;  according  to  others 
(10,  21,  22),  however,  choline  acetylase  is  absent  from  these.  Tie 
apparently  positive  results  of  the  former  group  of  workers  may  be 
due  to  the  neglect  of  certain  precautions,  described  below,  in  the 
assay  of  ACh.  The  same  objection  applies  to  the  finding  of  traces 
of  the  enzyme  in  the  tissue  of  skeletal  muscle  (37). 

Of  all  non-nervous  animal  tissue  so  far  examined,  t  e  umian 
placenta  contains  the  highest  amount  of  the  enzyme  3)  It  also 
occurs  unassociated  with  nerve  tissue  in  the  spleen  of  the  ox  and 
the  horse  It  is  not  certain  whether  the  relatively  large  amounts 
of'he  enzyme  present  in  the  wall  of  the  digestive  tract  are  der.ved 
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from  the  nerve  plexuses  present  or  are  also  non-nervous  in  origin 
(16,  17). 

There  is  in  animal  tissue  a  certain  correlation  between  the  con¬ 
tent  of  ACh  and  of  the  enzyme  responsible  for  its  synthesis.  A  high 
ACh  content  is  usually  characteristic  of  a  tissue  rich  in  choline 
acetylase,  and  vice  versa  (12).  This  is  not  so  with  plant  tissue  (8), 
nor  is  the  correlation  in  animal  tissue  absolute.  In  addition,  it  is 
not  always  easy  to  determine  the  enzyme  content  of  a  tissue  if,  as 
in  the  spleen,  it  contains  a  powerful  inhibitor  which  is  nondialyz- 
able,  heat-sensitive  and  may  be  an  enzyme  itself  (3). 


PROCEDURES 


1.  Synthesis  in  whole  organs—  Acetylcholine  released  as  a  result 
of  stimulation  of  cholinergic  nerves  or  spontaneously,  as,  for  ex¬ 
ample,  in  the  intestinal  wall,  is  at  once  replaced  by  synthesis. 
Hence  an  estimate  of  the  released  ACh  is  a  measure  of  the  amounts 
synthesized  under  these  conditions.  To  prevent  the  destruction  of 
the  released  ACh  it  is  necessary  to  inhibit  the  cholinesterase  with 
eserine.  When  organs  are  perfused  with  salt  solutions,  plasma  or 
diluted  blood,  it  is  sufficient  to  add  eserine  to  the  perfusion 
fluid  to  give  a  concentration  of  1  or  2  X  10~5.  When  whole  blood  is 
used,  however,  greater  amounts  of  eserine  must  be  injected  intra¬ 
venously  or  added  to  the  perfusion  fluid  to  inhibit  the  true  cho¬ 
linesterase  of  the  erythrocytes  (9),  which  alone  is  responsible  for 
the  destruction  of  the  released  ACh  (23,  24).  The  concentration  of 
ACh  which  may  be  collected  in  the  venous  effluent  is  usually  so 
weak  that  the  frog  rectus  method  of  assay  is  too  insensitive.  In  that 
case  the  ACh  has  to  be  concentrated  or  the  solution  has  to  be 
assayed  using  more  sensitive  tests,  for  example,  the  leech  muscle 
or  the  arterial  blood  pressure  of  the  eviscerated  eserinized  cat. 


When  the  organs  are  bilaterally  represented,  1  can  be  used  as 
control.  For  instance,  during  prolonged  stimulation  of  the  cervical 
sympathetic  nerve,  ACh  can  be  released  from  the  eserinized  per¬ 
fused  cervical  ganglion  of  the  cat  in  amounts  several  times  greater 
than  those  originally  present  in  the  ganglion  and  without  diminu¬ 
tion  of  the  tissue  ACh.  This  is  shown  by  the  fact  that  after  stimula¬ 
tion,  the  perfused  ganglion  yields  as  much  ACh  on  extraction  as 
the  ganglion  of  the  other  side  (la). 

2.  Synthesis  in  slices ,  pulp  or  dried  tissue  incubated  in  a  saline 
medium- Up  to  50  Mg/g/hr  acetylcholine  may  be  formed  by  fresh 
rats  brain  (31,  32),  but  in-vacuo-dried  tissue  forms  only  small 
amounts  of  ACh  (11).  Studies  of  the  synthesis  in  brain  tissue  have 
shown  that  the  following  factors  have  to  be  considered  when  this 
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method  is  used  (10,  11,  31,  32,  41).  (a)  Fresh  tissue  extracts,  but 
not  the  in-vacuo— dried  preparations,  are  active  only  in  aerobic 
conditions.  ( b )  Glucose  has  2  effects:  it  is  required  for  the  synthesis 
by  fresh  tissue  extracts  (but  not  dried  preparations),  and  in  higher 
concentrations  it  inhibits  the  synthesis.  Inhibition  occurs  even  at 
the  concentration  of  glucose  in  blood.  Therefore  the  glucose  con¬ 
centration  of  the  medium  should  be  at  about  0.05  mg/ml.  Glucose 
may  be  replaced  by  mannose  or  pyruvate,  (r)  Potassium  ions 
stimulate  and  calcium  ions  inhibit  the  synthesis;  therefore  the 
medium  should  contain  little  or  no  CaCl2  but  a  high  KG1  concen¬ 
tration  (5  mg  KCl/ml).  (d)  Activator,  or  coenzyme  A,  is  required; 
therefore  the  volume  of  the  medium  in  which  the  tissue  is  sus¬ 
pended  must  be  kept  small  (about  2  ml/g  of  tissue).  Alternatively, 
coenzyme  A,  prepared  by  boiling  saline  extracts  of  acetone-dried 
brain  tissue  for  1  or  2  min,  may  be  added. 

After  incubation,  only  part  of  the  ACh  is  freely  dissolved;  the 
rest  is  bound  to  the  tissue  particles.  The  samples  must  therefore 
be  extracted  before  being  assayed.  Short  boiling  after  acidification 
with  1  ml  of  N/3  HC1  suffices  to  extract  the  bound  ACh.  In  esti¬ 
mating  the  yield  of  ACh,  the  amount  present  in  the  sample  before 
incubation  has  to  be  subtracted  from  the  amount  assayed.  This 


need  not  be  the  amount  originally  present  in  the  tissue,  because 
tissue  ground  or  chopped  in  eserinized  saline  solution  forms  ACh 
even  during  the  process  of  grinding  it  up,  and  when  ground  in  an 
eserine-free  saline  solution  it  loses  ACh  and  continues  to  do  so 
when  the  suspensions  are  left  standing  (1 1).  These  facts  have  to  be 
taken  in  consideration  when  determining  the  ACh  content  in  con¬ 
trol  tissue.  The  tissue  dried  in  vacuo  contains  practically  no  ACh. 

3.  Synthesis  in  pulp  or  (in  vacuo)  dried  tissue  suspended  in  a 
medium  of  saline  with  ether  or  chloroform.- With  this  method, 
up  to  70  yttg/g/hr  of  ACh  may  be  formed  by  powder  of  guinea-pig’s 
brain  hemispheres,  i.e.,  about  16  yxg/g  of  fresh  tissue.  In  the  mix¬ 
ture  the  brain  tissue  takes  up  both  water  and  ether  or  chloroform, 
respectively.  When  a  sample  is  left  undisturbed  or  only  shaken  oc¬ 
casionally,  the  brain  particles,  which  at  the  beginning  cover  t  tie 
bottom  of  the  tube,  gradually  rise  to  the  top  of  the  aqueous  phase. 
Synthesis  takes  place  in  this  layer  of  particulate  matter,  and  the 
ACh  formed  is  then  released  into  the  eserinized  saline  layer  (I  I). 

When  setting  up  samples  for  incubation,  the  following  factors 
have  to  he  taken  into  account.  They  have  been  worked  out  with 
brain  tissue  (11,  33,  42,  43),  («)  Synthesis  occurs  aerobically;  unde, 
anaerobic  conditions  it  comes  to  an  end  after  a  short  period^)  An 

increase  in  temperature  of  the  mixture  from  20  to  37  C,  has  a  .  I 
effect  it  accelerates  the  synthesis  of  ACh  but  inactivates  the 
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enzyme.  Therefore  when  synthesis  is  studied  for  period Is  longer 
than  a  few  minutes,  the  yield  of  ACh  is  much  grea  er 
at  37  C.  (c)  Potassium  ions  accelerate,  calcium  ions  inhibit  he 
synthesis,  (d)  Activator,  or  coenzyme  A,  is  required;  there  ore 
volume  of  the  saline  medium  has  to  be  kept  sma  or  activator  as 
to  be  added.  The  optimal  volume  for  300  mg  of  brain  powdei , 
^equivalent  to  about  1.4  g  of  fresh  tissue,  was  found  to  be  2-3  ml. 
On  the  other  hand,  the  volume  of  ether  or  chloroform  can  be 
increased  beyond  the  volume  of  the  saline  medium  without 


affecting  the  synthesis. 

Before  assaying  the  samples,  the  ether  or  chloroform  should  be 
removed  and  the  ACh  bound  to  the  tissue  particles  set  free.  For 
this  purpose,  1  ml  of  N/3  HC1  is  added  to  the  sample,  which  is 
then  brought  to  boiling  point  gradually  by  heating  in  a  water 
bath. 


4.  Synthesis  in  homogenates  and  saline  extracts  of  acetone-dried 
tissue— With  acetone-dried  brain  of  the  guinea-pig,  1800  /x g/g/hr 
of  ACh  may  be  formed  without  any  further  purification  of  the 
enzyme  preparation;  this  corresponds  to  about  400  /xg/g  of  fresh 
tissue  but  to  about  6  mg/g  dry  weight  ol  material  extracted  by 
the  saline,  because  about  70  per  cent  of  the  acetone-dried  tissue 
is  insoluble  and  removed  when  centrifuging  the  saline  extracts 
before  use  (19).  With  enzyme  extracts  purified  by  high  speed 
centrifuging  (see  p.  103),  even  higher  values  per  g  of  protein  were 
obtained  (33,  39).  Homogenized  tissue  contains  cholinesterase  and 
phosphatase,  which  must  be  inhibited  by  adding  eserine  and  NaF, 
respectively,  to  the  incubation  mixture.  These  enzymes  are  absent 
in  the  acetone-dried  tissue  or  present  in  traces  only,  but  it  is  as 
well  to  take  the  precaution  of  adding  the  2  inhibitors  to  the 
medium  even  so.  The  reaction  mixture  should  also  contain  cysteine 
even  when  the  synthesis  is  anaerobic,  because  some  of  the  SH 
groups  of  the  enzyme  may  have  been  oxidized  before  incubation 
(20,  34).  Drying  the  tissue  with  acetone  should  be  carried  out  at  a 
low  temperature  and  a  sufficient  volume  of  acetone  must  be  used, 
otherwise  part  of  the  enzyme  may  be  taken  up  by  the  acetone. 
After  allowance  is  made  for  dilution  by  the  tissue  the  concentra¬ 
tion  of  acetone  must  be  of  the  order  of  80%  as  a  minimum  (6). 
For  routine  experiments,  the  following  procedure  has  proved  use¬ 
ful  (6,  15,  2 L  22). 


TECHNIQUE 

An  acetone  powder  of  the  tissue  is  first  prepared.  This  is  done 
after  cooling  the  tissue  and  the  receptacles  in  which  it  is  to  be 
ground,  using  ice-cold  acetone  which  is  added  at  the  first  extrac- 
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tion  in  a  volume  at  least  5  times  the  volume  of  tissue  present. 
After  the  tissue  is  ground  up,  the  acetone  is  filtered  off  under 
suction  and  further  extractions  are  made  until  the  insoluble  matter 
is  reduced  to  a  fine  suspension.  This  is  collected  on  the  filter  and 
dried  under  vacuum  at  low  temperature  (0-10  C).  Tissue  contain¬ 
ing  a  great  proportion  of  fibrous  tissue  must  first  be  cut  with 
scissors  into  very  fine  pieces  in  the  acetone  before  being  ground  up. 
When  only  a  few  mg  of  tissue  is  available  the  acetone  may  be 
removed  by  centrifuging.  Powders  prepared  in  this  way  may  be 
stored  in  a  desiccator  for  some  days  without  detectable  loss  of 
activity. 

The  powders  so  prepared  are  extracted  in  ice-cold  saline  solu¬ 
tion  (1.4-2  ml/50  mg  of  dried  tissue),  the  undissolved  material 
removed  by  centrifuging  and  discarded.  Using  an  extract  equiv¬ 
alent  to  50  mg  of  dried  tissue,  the  following  reagents  are  added 
for  the  incubation:  3  mg  choline,  4.5  mg  cysteine  (solution  made 
up  immediately  before  use),  0.4  mg  ATP-P  (corresponding  to  8 
mg  Ba-ATP  which  is  converted  to  the  sodium  salt  before  use), 
12  mg  Na  citrate,  3  mg  NaF,  6  mg  KC1,  4  mg  MgCl2,  0.5  mg  eserine 
sulfate,  0.3  ml  M/15  sodium  phosphate  buffer  solution  (pH  7.0- 
7.2)  and  0.9  per  cent  saline  to  bring  the  final  volume  to  4  or  4.5  ml. 

It  is  preferable  to  use  glass-distilled  water  in  making  up  the 
reagents  since  traces  of  metal  or  other  contaminants  may  affect 
the  result.  It  is  also  preferable  to  add  the  reagents  not  separately, 
1  after  another,  but  to  make  a  solution  containing  all  reagents  and 
add  it  to  the  saline  extract  of  the  acetone-dried  tissue  immediately 


before  incubation. 

The  mixture  is  incubated  at  37—39  C  for  1  hr;  a  few  drops  of  an 
appropriate  indicator  (the  reaction  should  be  about  pH  7)  and 
then  1  ml  of  N/3  HC1  are  added,  after  which  it  is  brought  to 
boiling  point,  cooled  and  subsequently  stored  at  low  temperature 
(0-10  C)  until  the  assay  is  carried  out,  when  it  is  neutralized  by 

addition  of  1  ml  N/3  NaOH. 

There  are  2  factors  which  operate  to  reduce  the  synthesis  and 
which  must  always  be  excluded.  They  are  lack  of  coenzyme  A  and 
presence  of  an  inhibitor.  When  a  tissue  extract  synthesizes  only 
small  amounts  of  ACh  it  is  essential  to  exclude  the  possi  n  in 


that  the  low  value  is  due  to  1  of  these. 

To  test  for  lack  of  coenzyme  A ,  or  activator,  a  parallel  sample 
is  set  up  containing,  in  addition  to  the  enzyme  and  the  usual  con- 
stituents,  boiled  saline  extracts  of  50  mg  of  acetone-dned  brant, 
the  total  reaction  volume  is  kept  at  4  or  4.5  ml. 
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To  detect  the  presence  of  an  inhibitor  in  the  tissue  extract,  an 
active  preparation  of  acetone-dried  brain  is  incubated  together 
with  the  preparation  suspected  of  containing  an  inhibitor,  and 
the  synthesizing  power  of  this  mixture  is  compared  with  that  of 
the  brain  preparation  alone.  By  this  technique  inhibitors  have 
been  found  in  extracts  prepared  from  acetone-dried  tissue  of  spleen 
(3)  and  of  intestinal  mucosa  where  the  inhibitor  probably  derives 
from  secretions  (18,  25).  The  inhibitors  are  heat-sensitive  and  non- 
dialyzable  and  may  be  enzymes  themselves. 

When  less  than  50  mg  of  dried  tissue  is  available,  smaller  samples 
may  be  used,  but  the  concentration  of  coenzyme  A  must  remain 
constant  in  order  to  obtain  comparable  results.  For  instance,  if  the 
volume  of  a  50  mg  sample  is  4.5  ml,  the  volume  for  each  10  mg 
must  be  0.9  ml.  If  less  than  20  mg  of  the  dried  tissue  under  investi¬ 
gation  is  available,  the  volume  would  become  too  small  and  the 
following  modification  is  recommended  (22).  A  solution  of  in¬ 
activated  brain  powder  is  prepared  by  boiling  100  mg  of  acetone- 
dried  brain  tissue  in  4  ml  of  0.9%  NaCl  solution.  A  sample  is  then 
set  up  which  contains  the  equivalent  of  25  mg  of  dried  tissue,  part 
of  which  is  made  up  by  the  tissue  under  investigation  and  the 
remainder  by  the  inactivated  brain  powder.  For  instance,  if  3  mg 
of  dried  tissue  is  available,  inactivated  extract  from  22  mg  of  brain 
powder  is  added  and  the  volume  made  up  to  2.25  ml.  The  sample 
is  then  dealt  with  like  any  other  sample  which  contains  25  mg  of 
dried  tissue.  At  the  same  time,  a  separate  blank  sample  containing 
25  mg  of  inactivated  brain  powder  is  set  up  with  the  usual  con¬ 
stituents  of  the  incubation  mixture.  This  blank  is  used  when 
assaying  the  test  sample  in  the  manner  described  in  the  next  sec¬ 
tion  under  ( b ).  With  this  procedure  the  formation  of  ACh  in  1  mg 
of  dried  tissue  can  still  be  measured. 

Purified  enzyme  preparations  have  been  obtained  by  using  the 
high  speed  centrifuge.  Lipton  (29)  has  shown  that  in  this  way 
water-clear  active  solutions  are  obtained.  Such  a  solution  prepared 
from  mammalian  brain  tissue  synthesized,  according  to  Nachman- 
sohn,  Berman  and  Weiss  (33,  39),  over  10  mg  of  acetylcholine/g 
protein/hr  and  a  solution  prepared  in  this  way  from  squid  ganglia 
synthesized  even  150  mg/hr/g  protein.  In  comparing  these  high 
figures  with  those  of  other  authors,  it  has  to  be  realized  that  the 
values  were  calculated  from  short  periods  of  incubation  and  that, 
in  assaying  the  samples,  the  necessary  precautions  mentioned  in 
the  next  section  were  not  taken. 

Assay  of  ex tracts.-The  routine  test  for  ACh  is  the  contraction 
oi  the  eserinized  frog  rectus  muscle  (p.  87,  and  (2a)).  Certain  pre- 
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cautions  have  to  be  taken  to  eliminate  the  effect  of  substances 
which  sensitize  the  muscle  to  ACh  or  may  themselves  cause  contrac¬ 
tion.  Some  of  these  substances  are  derived  from  the  tissue;  others, 
like  AT  P,  choline  and  KC1,  will  have  been  added  to  the  sample. 
If  no  precautions  are  taken  to  control  such  effects  the  ACh 
content  of  the  test  sample  may  then  appear  higher  than  it 
really  is.  The  error  introduced  is  greater  when  the  amounts  of 
ACh  synthesized  are  small,  but  it  is  still  appreciable  even  in 
extracts  which  have  been  diluted  50—100  times  before  testing.  The 
actual  quantity  of  ACh  assayed  in  the  test  is  of  the  order  of  0. 1-0.2 
fig  in  5  ml.  Clearly  the  error  becomes  even  greater  when  incuba¬ 
tion  is  carried  out  for  10  min  only  and  the  value  then  calculated 
in  terms  of  the  synthesis/hr.  These  sources  of  error  are  sometimes 
neglected  by  workers  who  are  unfamiliar  with  methods  of  bio¬ 
logical  assay.  Errors  of  this  kind  may  be  eliminated,  however,  by 
either  of  the  following  procedures  (20,  22). 

a)  The  sample  is  divided  into  2  equal  parts.  One  is  retained  as 
the  test  solution.  The  other,  which  is  the  control,  is  treated  with 
alkali  to  destroy  the  ACh  it  contains.  This  is  done  by  adding  0.5 
ml  of  N/3  NOH,  then  bringing  it  to  boiling  point,  after  which 
it  is  rapidly  cooled  and  neutralized  with  N/3  HC1.  This  solution 
is  then  used  in  the  preparation  of  the  ACh  standards.  4  hese  should 
be  made  up  so  that  they  contain  a  concentration  of  (inactive)  ma¬ 
terial  equivalent  to  that  which  is  present  in  the  test  solutions. 

b)  Part  of  the  enzyme  extract  is  boiled  for  a  short  time  to  de¬ 
stroy  the  enzyme  and  used  for  setting  up  a  blank  sample  incubated 
simultaneously  with  the  test  sample  and  containing  the  usual  con¬ 
stituents  of  the  incubation  mixture.  The  test  sample  is  assayed 
against  known  solutions  of  ACh  to  which  equivalent  amounts  ol 
the  blank  have  been  added. 

When  the  amounts  synthesized  are  very  small  it  is  advisable  to 
apply  both  methods  in  order  to  be  sure  that  the  observed  con¬ 
tractions  of  the  frog  rectus  muscle  are  really  responses  to  ACh. 

Choline  acetylase  activity  is  usually  expressed  in  quantities  ol 
ACh  formed  in  1  hr;  this  is  even  done  when  the  period  of  actual 
incubation  has  been  10  or  15  min.  It  must  be  realized  that  the 
activity  of  the  enzyme  decreases  during  1  hr  of  incubation  anc 
so  a  value  calculated  by  extrapolation  from  a  10  min  synthesis 
may  be  higher  than  one  obtained  on  actual  incubation  for  an 
hour.  This  has  to  be  kept  in  mind  when  comparing  the  activity 

of  different  enzyme  preparations. 

Note:  Improvements  in  this  section  were  suggested  by  T.  Mann  and 

C.  Hebb. 
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Estimation  of  the  Cholinesterases 


BRUNO  MENDEL  and  ROSEMARY  D.  HAWKINS,  University  of  Toronto 

\ 


General  review  of  methods. — Methods  for  the  estimation  of 
cholinesterase  activity  may  be  divided  into  3  main  groups: 

1.  Biological  assay  methods.  In  these  methods  the  enzyme  prep¬ 
aration  is  allowed  to  act  on  a  known  amount  of  acetylcholine 
(ACh).  After  a  certain  period  of  time  the  enzyme  is  inactivated 
and  the  residual  ACh  is  estimated  pharmacologically  by  compar¬ 
ing  its  action  with  that  of  known  amounts  of  ACh  on  isolated 
intestine,  frog  heart,  frog  rectus  abdominis  or  leech  muscle.  These 
methods  were  used  by  the  pioneer  workers  in  the  field  of  cholin¬ 
esterase  investigations  (15,  6,  21),  but  they  are  less  accurate  and 
more  cumbersome  than  the  chemical  methods  developed  later. 

2.  (a)  Titrimetric  methods.  The  estimation  of  cholinesterase 
activity  by  determining  the  amount  of  alkali  required  to  neutral¬ 
ize  the  acetic  acid  formed  in  the  hydrolysis  of  ACh  in  a  given 
period  of  time  was  first  outlined  by  Stedman,  Stedman  and 
Easson  (27).  On  the  basis  of  this  principle,  Glick  (9)  evolved  a 
micro-method  useful  for  histochemical  work  and  Sawyer  (24)  later 
introduced  a  modification  of  this  micro-titrimetric  technique. 

( b )  Electrotitrimetric  methods.  The  potentiometric  measure¬ 
ment  of  cholinesterase  activity  overcomes  some  of  the  disad¬ 
vantages  inherent  in  ordinary  titration  methods,  e.g.,  the  difficulty 
of  observing  a  well  defined  colour  change  of  the  indicator  in  the 
presence  of  a  tissue  suspension  or  coloured  enzyme  preparation 
and  the  possible  effects  of  the  dye  on  enzymic  activity.  Electrotitri¬ 
metric  methods  have  been  described  by  Glick  (8),  Alles  and 

Hawes  (1),  Sanz  (23)  and  more  recently  by  Delaunois  and  Casier 
(5). 

3.  Gasometric  methods.  Manometric  methods  for  determining 
cholinesterase  activity  are  based  on  the  principle  that  the  acetic 
acid  liberated  from  ACh  will  release  from  a  C02-buffered  bicar¬ 
bonate  medium  an  equivalent  amount  of  CO„  the  volume  of 
which  is  measured  manometrically.  Ammon  (3)  was  the  first  to 
use  the  Warburg  apparatus  for  the  measurement  of  cholinesterase 
activity,  ffiedman  and  Stedman  (26)  in  their  method  used  the  Bar- 
cio  t  differential  manometer.  The  manometric  technique  has  the 
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advantage  that  several  determinations  can  be  run  simultaneously; 
furthermore,  the  volume  of  the  medium  does  not  change  in  the 
course  of  the  experiment. 

Linderstr0m-Lang  and  Glick  (14)  adapted  the  Cartesian  diver 
technique  to  the  measurement  of  cholinesterase  activity.  Later, 
Friend  and  Krayer  (7)  used  the  analyzer  of  Van  Slyke  and  Neill 
for  the  estimation  of  the  amount  of  C02  evolved  as  a  result  of 
enzymic  activity. 

MANOMETRIC  METHOD  EMPLOYING  THE  WARBURG  APPARATUS 

Warburg’s  manometric  method  is  used  in  this  laboratory  for 
estimating  cholinesterase  activity.  Basic  principles  embodied  in 
this  technique  have  been  treated  extensively  by  Warburg  (30)  and 
Umbreit,  Burris  and  Stauffer  (28).  The  present  discussion  will  not 
provide  information  on  shaking  devices,  thermostats,  manometers, 
flasks  or  other  equipment,  nor  will  it  include  directions  for  calibra¬ 
tion  of  vessels  or  preparation  of  homogenates.  It  is  designed  to 
provide  specific  supplementary  information  on  the  measurement 
of  cholinesterase  activity  and  to  outline  techniques  developed  in 
this  laboratory  which  have  been  found  to  be  of  value  and  which 
in  some  cases  have  hitherto  not  been  reported. 


PROCEDURE 

Conical  flasks  with  a  volume  varying  between  15  and  20  ml  and 
equipped  with  1  side-arm  are  most  suitable  as  reaction  vessels.  1  he 
total  fluid  volume  usually  employed  is  5  ml.  The  enzyme  prepara¬ 
tion,  whether  it  be  tissue  homogenate,  plasma  or  hemolyzed  eryth¬ 
rocytes,  is  placed  in  the  main  compartment  of  the  flask.  The 
volume  of  the  preparation  to  be  used  should  be  so  adjusted  that 
the  amount  of  C02  evolved  does  not  exceed  20  M1  in  a  5  min 
period.  It  must  also  be  borne  in  mind  that  proteins  may  retain 
acid  (29).  If  this  occurs  the  amount  of  C02  evolved  is  less  than  t  le 
amount  of  acid  formed.  In  assaying  the  activity  of  any  tissue  homo¬ 
genate,  control  vessels  must  be  included  to  estimate  the  evolution 
of  CO.,  bv  the  preparation  alone;  liver  homogenates,  for  example, 
may  cause  an  appreciable  evolution  of  C02  over  a  mm 

!>CTo'the  enzyme  preparation  is  added  a  bicarbonate  solution 
(0.025M)  saturated  with  5  per  cent  COo  which  serves  as  tie  me 
(bum.  Stock  solutions  (1.3%)  «n  be  prepared  weekly  a m  a  e 
saturated  with  C02  from  a  Kipp  generator  tmttl  neutral  to  p  m 
olphthalein.  Dilutions  (1:6)  are  made  up  from  s  ock  as  e 
and  are  saturated  with  5%  C02  in  nitrogen  to  give  the  require  ^ 
pH  of  7.4.  Various  workers  have  used  other  media,  e.g.,  g 
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bicarbonate  (4)  or  a  bicarbonate  medium  containing  MgCl2  in 
high  concentrations  (20).  The  results  obtained  with  different  media 
cannot  be  compared  because  of  the  effect  of  changes  in  salt  con¬ 
centration  on  the  activity-pH  curve.  This  applies  particularly  to 
experiments  with  true  cholinesterase  (19). 

Substances  to  be  tested  for  their  ability  to  inhibit  or  activate  the 
enzyme  should  be  placed  in  the  main  compartment  of  the  flask, 
following  the  addition  of  the  bicarbonate,  and  immediately  dis¬ 
persed  in  the  medium  by  swirling.  Various  aspects  of  the  tech¬ 
nique  of  dealing  with  inhibitors  are  discussed  later. 

The  substrate  is  placed  in  the  side-arm  of  the  reaction  vessel. 
It  may  be  dissolved  in  bicarbonate  or  in  as  small  a  volume  of 
water  as  possible  (0.05—0.2  ml).  Controls  for  nonenzymic  hydrol¬ 
ysis  must  always  be  included  in  the  experiment.  In  the  case  of 
ACh  chloride,  its  extremely  hygroscopic  nature  makes  accurate 
weighing  impossible.  Accuracy  is  especially  important  when  ACh 
in  low  concentrations  (below  0.0006M)  is  to  be  used.  A  solution 
containing  an  exact  amount  of  ACh  can.  however,  be  prepared  by 
measuring  C02  evolved  (1  ^1  of  C02  is  equivalent  to  7.3  fx g  of 
ACh)  in  the  complete  hydrolysis  of  a  small  aliquot  of  an  ACh 
solution  of  approximate  strength  and  adjusting  this  solution  to 
the  strength  desired  on  the  basis  of  the  amount  of  ACh  found  in 
the  aliquot.  The  aliquot  should  contain  between  0.5  and  1  mg 
of  ACh  and  the  enzyme  preparation  used  to  effect  hydrolysis 
should  be  a  potent  preparation  of  true  cholinesterase  (nucleus 
caudatus  of  dog  brain,  human  erythrocytes). 

Following  the  addition  of  all  reagents,  the  entire  system  is  satu¬ 
rated  with  5%  COo  in  nitrogen  before  being  placed  in  the  thermo¬ 
statically  controlled  water  bath.  Estimations  are  carried  out  at 


the  normal  body  temperature  of  the  species  from  which  the  tissue 
has  been  removed,  or,  in  the  case  of  poikilothermic  animals,  at 
the  temperature  of  their  normal  environment.  Optimal  shaking 
conditions  for  maximal  evolution  of  COo  exist  at  a  shaking  speed 
of  about  120  complete  oscillations/min.  Following  an  interval  of 
approximately  15  min  for  the  attainment  of  temperature  equilib¬ 
rium,  the  fluid  in  the  right  arm  of  the  manometer  is  adjusted  to 
the  level  at  which  the  vessel  has  been  calibrated  and  a  series  of 
readings  is  taken  until  equilibrium  is  assured.  The  contents  of 
ihe  side-arm  are  then  mixed  as  quickly  as  possible  with  those  of 
the  main  compartment  and  when  the  level  of  the  meniscus  in  the 
right  arm  of  the  manometer  has  fallen  to  slightly  below  its  original 
-  !'  'fead ‘"gs  are  taken  am'  rePeated  at  intervals  of  2,  2i/,  or 

toTHl  off.  m'n  °r  Umi‘  thC  initia'  reacti°"  velocity  begins 
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When  activity  toward  low  concentrations  of  substrate  is  to  be 
estimated  (in  the  case  of  ACh,  below  0.0006M),  the  difficulty  of 
obtaining  sufficient  readings  before  the  initial  reaction  velocity 
begins  to  fall  can  be  overcome  by  carrying  out  the  estimation  in 
as  large  a  total  fluid  volume  as  possible.  Thus,  the  amount  of 
substrate  available  for  hydrolysis  is  increased,  while  its  concentra¬ 
tion  remains  unchanged. 


UNITS  USED  FOR  EXPRESSING  CHOLINESTERASE  ACTIVITY 


In  the  case  of  plasma,  the  activity  is  generally  expressed  in  terms 
of  fi  1  of  C02  evolved  in  20,  30  or  60  min  by  1  ml  of  plasma,  or  as 
the  quantity  of  ACh  in  ^mol  hydrolyzed  in  a  given  period  of  time. 
If  dehydration  or  a  significant  depression  in  the  concentration  of 
plasma  proteins  has  taken  place,  it  might  be  preferable  to  express 
activity  on  the  basis  of  a  unit  of  plasma  dry  weight. 

With  tissue  homogenates  or  erythrocyte  hemolysates  the  result; 
may  be  expressed  in  the  following  terms: 

1.  ^liters  of  C02  evolved/hr/mg  dry  weight  of  the  enzyme 
preparation.  When  dry  weight  is  used  as  a  standard  of  teference, 
the  Q  notation  of  Warburg  is  generally  employed.  In  the  designa¬ 
tion  of  cholinesterase  activity  this  quotient  is  an  expression  of 


til  CO; 


mg  tissue  (dry  wt.)  X  hr 

and  should  be  provided  with  a  subscript  denoting  the  substrate 
undergoing  hydrolysis  and  its  concentration.  . 

2.  ^liters  of  C02  evolved/hr/mg  tissue  protein,  the  latter  based 

on  nitrogen  determinations.  .  .  ,  .  f 

s.  Quantity  of  ACh  in  ^mol  hydrolyzed/hr /unit  dry  weight  of 

"when  a  comparison  of  the  activity  of  tissues  from  animals  on  1 
experimental  regimen  with  those  of  animals  on  another  is  based 
on  dry  weight  determinations,  differences  in  the  amount  ol  inert 
material  in  the  tissues  of  the  2  groups  must  be  taken  into  accoun  . 
This  applies  particularly  to  experiments  with  liver  In  animals  on 
choline-deficient  and  choline-supplemented  diets,  for  example, 

"  difference  exists  in  the  fat  content  of  this  organ  in  the 

groups  I n  such  a  case,  comparison  of 

hr  made  on  a  drv  weight  basis,  but  must  be  calculated  eitnei 

on  the  basis  of  dry  fat-free  residue  or  of  protein  content,  t  e  attei 

"X  S2— Hade  after  a  constant  weight 
of^measured  amou n t  of  the  tissue  homogenate  has  been  obtained 
at  100-105  C  or  preferably  in  vacuo. 
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METHODS  FOR  ESTIMATING  SEPARATELY  PSEUDO-  AND 
TRUE  CHOLINESTERASE  ACTIVITY 

The  recognition  of  2  types  of  cholinesterase  (1,  18,  22,  31)— 
true  cholinesterase  and  pseudo-cholinesterase  (18)-made  it  de¬ 
sirable  to  devise  a  method  by  which  the  activities  of  these  - 
enzymes  can  be  estimated  separately  in  a  mixture  of  both.  A 
method  serving  this  purpose  is  based  on  the  observation  that 
acetyl-/?-methylcholine  is  hydrolyzed  only  by  true  cholinester ase 
and  not  by  pseudo-cholinesterase,  whereas  benzoylcholine  is  hydro¬ 
lyzed  by  pseudo-cholinesterase  but  not  by  true  cholinesterase  (16). 
Neither  of  these  substrates  is  split  by  the  host  of  “ali-esterases 
(22),  ubiquitous  enzymes  not  yet  properly  characterized,  which 
hydrolyze  aliphatic  esters  but  do  not  act  on  ACh. 

Since  no  enzyme  other  than  true  cholinesterase  is  capable  of 
hydrolyzing  acetyl-/?-methylcholine,  the  hydrolysis  of  this  choline 
ester  by  a  tissue  homogenate  or  body  fluid  can  serve  as  a  reliable 
indicator  of  the  presence  of  true  cholinesterase  and  the  rate  of  its 
hydrolysis  as  a  measure  of  the  activity  of  this  enzyme.  The  same 
holds  true  for  the  hydrolysis  of  benzoylcholine,  but  for  1  exception: 
an  enzyme  has  been  found  in  some  tissues  which  hydrolyzes  ben¬ 
zoylcholine  but  not  ACh  (25).  It  is  possible,  however,  to  distinguish 
the  activity  of  the  benzoylcholinesterase  from  that  of  pseudo¬ 
cholinesterase  by  measuring  the  hydrolysis  of  benzoylcholine  in 
the  absence  and  in  the  presence  of  2.5  X  10  6M  eserine,  a  concen¬ 
tration  which  inhibits  completely  the  activity  of  pseudo-cholin¬ 
esterase  but  to  which  that  of  benzoylcholinesterase  is  insensitive. 
The  activity  of  pseudo-cholinesterase  can  then  be  calculated  by 
subtracting  the  eserine-resistant  from  the  total  benzoylcholine 
hydrolysis.  The  necessity  of  applying  this  differential  method  will 
not  arise  frequently  since  benzoylcholinesterase  seems  to  be  pres¬ 
ent  only  in  a  limited  number  of  tissues,  namely,  the  kidney  of 
tabbit,  guinea-pig  and  ox,  the  liver  of  rabbit  and  guinea-pig  and 
the  blood  of  some  rabbits. 

Acetyl-/?-methylcholine  as  well  as  benzoylcholine  is  used  in  the 
form  of  its  chloride.  d,l  acetyl-/?-methylcholine  (Mecholyl,  Merck) 
is  marketed  in  wax-sealed  bottles  containing  1  g  of  the  very 
hygroscopic  crystalline  substance.  A  stock  solution  is  prepared 
by  dissolving  the  contents  of  a  bottle  in  distilled  water  to  make  a 
volume  of  11  ml.  Kept  in  the  refrigerator,  solutions  of  acetvl-d- 
methylcholine  are  fairly  stable  for  about  3  weeks. 

Benzoylcholine  chloride*  may  contain  a  small' amount  of  free 
jenzoic  acid  which  can  be  removed  by  boiling  5  g  in  50  ml  of 

"Obtainable  from  HofTmann-LaRoche,  Inc.,  Nutley,  N.  J. 
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anhydrous  acetone  for  a  few  minutes  and  then  filtering  the  ace¬ 
tone,  while  still  hot,  through  a  Buchner  funnel.  The  dry  benzoyl- 
choline  chloride  should  be  kept  under  refrigeration  in  a  desic¬ 
cator.  A  4.5%  stock  solution,  made  with  distilled  water,  is  stable 
for  about  3  weeks  at  3-4  C. 

In  the  estimation  of  pseudo-  and  true  cholinesterases,  0.006M 
benzoylcholine  and  0.03M  acetyl -^8-methylcholine,  respectively, 
are  used;  all  preparations  of  these  enzymes  investigated  to  date 
have  been  found  to  be  saturated  by  these  concentrations  of  sub¬ 
strate. 

A  great  number  of  mammalian  true  cholinesterases  hydrolyze 
0.03M  acetyl-/?-methylcholine  at  about  the  same  rate  as  an  equi¬ 
molar  solution  of  ACh.  Nevertheless,  any  tendency  to  calculate 
the  activity  of  a  true  cholinesterase  toward  ACh  from  its  activity 
toward  acetyl-/?-methylcholine  should  be  discouraged  since  the 

latl°  activity  toward  acetyl-/3-methylcholine  (0.03M) 

activity  toward  acetylcholine  (0.03 M) 

varies  not  only  from  1  species  to  another  (11)  but  even,  to  some 
extent,  from  tissue  to  tissue  within  the  same  species.  I  his  also 
applies  to  the  hydrolysis  of  benzoylcholine,  which  is  split  by  many 
mammalian  pseudo-cholinesterases  at  about  ]/3  the  rate  at  which 
an  optimal  concentration  of  ACh  (0.06M)  is  hydrolyzed. 


EVALUATION  OF 

POTENCY  OF  CHOLINESTERASE  INHIBITORS 

In  testing  the  inhibitory  effect  of  a  compound  on  the  chol¬ 
inesterases,  "care  should  be  taken,  when  assessing  the  potency  of 
a  competitive  inhibitor,  that  the  concentration  of  substrate  is 
sufficiently  high  to  guarantee  saturation  of  the  enzyme.  The  con¬ 
tents  of  the  main  compartment  of  the  reaction  vessel  should  be 
added  in  the  following  order:  (1)  enzyme  preparation,  (2)  bicar¬ 
bonate  medium  and  (3)  inhibitor.  Some  workers  place  the  enzyme 
preparation  and  the  inhibitor  together  in  the  side-arm  of  the 
flask,  a  procedure  which  is  liable  to  give  rise  to  error  in  the  inter¬ 
pretation  of  the  results  for  the  following  reason:  the  complex 
between  enzyme  and  inhibitor  will  be  formed  prior  to  the  mixing 
of  the  contents  of  the  side-arm  and  main  compartment  and  the 
degree  of  its  dissociation  will  not  necessarily  be  proportional 
the  degree  of  its  dilution  after  mixing.  This  is  especially  true 
the  case  of  an  irreversible  inhibitor  where  the  magnitude  o  he 
inhibition  will  be  a  function  of  the  concentration  of  t  ic  m  n  »  <> 
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as  present  in  the  side-arm,  rather  than  of  its  final  concentration 
in  the  reaction  medium. 

To  assess  the  potency  of  a  compound  as  a  cholinesterase  inhi  ji- 
tor,  its  effect  on  both  types  of  cholinesterase  must  be  determined. 
The  necessity  of  doing  so  became  apparent  when  some  recently 
investigated  inhibitors  were  found  to  display,  in  certain  concen- 
Mrations,  a  selective  action  on  either  true  cholinesterase  (nitrogen 
mustards  (2),  Nu-1250  (13))  or  pseudo-cholinesterase  (diisopropyl 
fluorophosphonate  (12),  Nu-683  (10)).  The  sensitivity  of  each  type 
of  cholinesterase  to  a  particular  inhibitor  can  be  estimated  by 
testing  the  action  of  the  inhibitor  on  the  hydrolysis  of  ACh  effected 
by  enzyme  preparations  containing  only  true  cholinesterase  (eryth¬ 
rocytes,  nucleus  caudatus  of  dog  brain  (18))  or  almost  exclusively 
pseudo-cholinesterase  (horse  serum,  dog  pancreas  (18)).  Since 
the  sensitivity  of  the  cholinesterases  may  vary  from  species  to 
species,  a  more  precise  evaluation  of  the  inhibitory  potency  of  a 
compound  can  be  gained  by  determining  the  degree  of  inhibition 
of  the  activity  toward  acetyl-/3-methylcholine  and  benzoylcholine 
displayed  by  a  preparation  which  contains  a  mixture  of  both 
enzymes  (e.g.,  plasma  of  rat  or  dog).  If  this  latter  method  is  to  be 
used  and  the  inhibitor  is  of  a  competitive  nature,  it  should  first  be 
ascertained  whether  the  degree  of  inhibition  of  the  acetyl-/T 
methylcholine  and  benzoylcholine  hydrolysis  mirrors  the  inhibi¬ 
tion  of  the  hydrolysis  of  ACh. 

In  the  estimation  of  the  cholinesterase  activity  of  tissues  follow¬ 
ing  the  administration  of  a  cholinesterase  inhibitor,  the  degree  of 
dilution  of  the  experimental  sample  must  be  taken  into  account. 
No  problem  will  arise  from  dilution  if  the  inhibition  is  irrevers¬ 


ible.  If,  however,  a  competitive  inhibitor  has  been  administered, 
dilution  will  affect  the  degree  of  inhibition  and  the  activity  ob¬ 
served  in  vitro  will  not  give  a  true  picture  of  the  activity  actually 
prevailing  in  the  tissue  of  the  experimental  animal. 

With  some  inhibitors  it  may  be  possible  to  correct  for  the  effect 
of  dilution  by  carrying  out  2  series  of  experiments  with  a  homo¬ 
genate  of  the  corresponding  tissue  of  a  control  animal.  In  the  first 
series  the  cholinesterase  activity  of  the  homogenate  is  measured 
with  the  inhibitor  present  in  the  bicarbonate  medium  in  such  con¬ 
centrations  as  are  likely  to  occur  in  the  experimental  animal  In 
the  second  series  the  tissue  homogenate  is  incubated  with  the 
inhibitor  in  the  aforementioned  concentrations  and  the  enzyme- 
inhibitor  mixtures  are  subsequently  diluted  in  the  Warburg  ves- 
SC  s  to  the  same  extent  as  the  tissue  homogenate  of  the  experi¬ 
mental  animal  had  been  diluted  in  the  reaction  flask.  By  plotting 
the  residual  actmi.es  found  in  these  2  series  of  experiments  against 
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the  inhibitor  concentrations  at  which  the  activities  were  measured 
in  the  1st  series,  2  S-shaped  curves  will  be  obtained.  From  these 
curves,  which  reveal  the  effect  of  dilution  on  the  degree  of  inhibi¬ 
tion,  it  is  possible  to  arrive  at  a  close  approximation  of  the  actual 
inhibition  of  the  cholinesterases  in  the  tissue  of  the  experimental 
animal. 

Although  this  method  is  also  suitable  for  determining  the  actual 
inhibition  of  the  cholinesterases  in  the  plasma  of  an  animal,  it  will 
often  be  possible  to  follow  the  much  simpler  course  of  measuring 
the  cholinesterase  activity  in  the  undiluted  plasma.  In  this  case  a 
correction  must  be  made  for  “retention”  (28,  29). 

In  a  third  procedure  (17),  which  can  be  adopted  when  the 
activities  of  the  cholinesterases  in  undiluted  plasma  exceed  the 
limits  of  the  manometric  method,  a  measured  volume  of  the 
plasma  sample  is  diluted  in  the  Warburg  vessel,  not  with  the  ordi¬ 
nary  bicarbonate  medium,  but  with  the  remainder  of  the  sample 
in  which  the  cholinesterases  have  been  inactivated  with  acid.  By 
using  concentrated  HC1  to  bring  the  pH  to  about  1.5  for  20  min, 
reneutralizing  with  concentrated  NaOH  and  adding  a  concen¬ 
trated  bicarbonate  solution  to  give  a  final  strength  of  0.025M,  the 
cholinesterases  can  be  completely  destroyed  while  the  resultant 
dilution  of  the  plasma  and  the  inhibitor  contained  therein  is  kept 
to  less  than  10%.  This  “esterase-free  plasma”  can  also  be  used  as 
a  medium  for  determining  the  actual  inhibition  of  the  chol¬ 
inesterase  activity  of  the  erythrocytes  in  an  animal.  After  separat¬ 
ing  the  erythrocytes  from  the  plasma  and  treating  the  latter  as 
described  above,  the  cholinesterase  activity  of  the  erythrocytes 
may  be  measured  in  the  inactivated  plasma.  1  his  thiid  proceduie, 
which  also  requires  a  correction  for  “retention,”  can,  of  course, 
be  followed  only  if  the  inhibitor  is  unaffected  by  treatment  with 
acid,  as  is  the  case  with  eserine,  prostigmine  and  many  prostigmine 
analogues. 


Comment  by  Andrew  It  ilson 

We  have  compared  the  activity  of  Mecholyl  with  that  of  Amechol,  a 
preparation  of  acetyl-/3-methylcholine  chloride  supplied  in  Great  Britain 
by  Savory  and  Moore,  and  have  found  the  latter  to  be  consistently  sat 
factory.  In  estimating  the  true  cholinesterase  activity  of  human  voluntary 
muscle  the  use  of  bicarbonate  medium  containing  MgCU  as  described  by 
Nachmansohn  and  Rothenberg  gives  results  which  are  of  a  higher  order  but 
are  more  consistent  than  those  obtained  when  bicarbonate  alone  is  used. 
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pharmacologic  importance,  say  65%  or  90%.  This  might  be  expressed  as  pi, 
the  negative  logarithm  of  the  molar  concentration  for  inhibition  of  pseudo- 
(P.)  or  true  {T)  cholinesterase.  For  example,  the  following  figures  have 
been  obtained,  using  human  plasma  (P>)  and  red  cells  ( T )• 

D.F.P.  Prostigmine 

TP*  -  9  7.22 

PL 

r  T  —  6.64  7.22 

Pht 

In  this  notation  the  upper  symbol  denotes  the  kind  of  cholinesterase  and  the 
lower,  the  percentage  of  inhibition. 
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Estimation  of  Substances  Liberated  by 
Adrenergic  Nerves 

j.  H.  GADDUM 


Both  adrenaline  (epinephrine)  and  nor  adrenaline  (arterenol) 
may  be  liberated  when  the  appropriate  nerves  are  stimulated.  Nor¬ 
adrenaline  has  the  same  structure  as  adrenaline  except  for  the 
absence  of  a  methyl  group  attached  to  nitrogen.  (Nor  stands  for 
N  ohne  Radikal.) 


nor-adrenaline  adrenaline 


The  possibility  that  other  allied  substances  may  be  released 
must  be  borne  in  mind,  but  there  is  no  evidence  for  it  at  present. 

The  first  hint  that  the  effects  of  sympathetic  stimulation  resem¬ 
bled  the  actions  of  nor-adrenaline  rather  than  those  of  adrenaline 
was  due  to  Barger  and  Dale  (3),  but  the  first  definite  evidence  that 
adrenaline  was  not  the  only  substance  liberated  by  adrenergic 
nerves  was  obtained  in  Cannon  s  laboratory.  Cannon  and  Roscn- 
blueth  (8)  explained  their  results  in  terms  of  the  liberation  into 
the  blood  stream  of  2  hypothetical  substances  known  as  sympathin 
E  and  I,  whose  actions  were  supposed  to  be  purely  excitor  and 
inhibitor,  respectively.  There  can  be  no  doubt  of  the  importance 
of  the  observations  on  which  this  theory  was  based,  but  the  theory 
itself  should  be  forgotten.  No  known  substance  has  properties  quite 
like  those  attributed  to  sympathin  E  and  I,  and  all  the  known 
facts  can  be  accounted  for  in  terms  of  known  substances  having 
both  excitor  and  inhibitor  effects,  but  showing  quantitative  differ¬ 
ences  in  their  actions  on  different  tissues. 

The  term  sympathin  should  be  retained  to  include  all  mediators 
of  adrenergic  nerves.  It  now  seems  likely  that  sympathin  consists 
of  a  variable  mixture  of  nor-adrenaline  and  adrenaline.  Euler 
(11)  has  proposed  that  the  terms  sympathin  N  and  sympathin  A 
V  116 
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be  used  for  these  2  components  of  the  mixture.  T  his  terminology 
provides  a  convenient  means  of  expressing  a  guarded  opinion  on 
the  chemical  nature  of  the  substances  involved. 


GENERAL  REVIEW  OF  METHODS 


Much  work  has  been  done  during  the  last  >0  years  on  methods 
n  of  estimating  adrenaline.  When  large  amounts  are  present,  the 
estimation  is  easy  and  various  methods  are  available.  However, 
most  of  the  interesting  problems  in  connection  with  adrenaline 
and  allied  substances  involve  the  use  of  very  sensitive  and  specific 
methods.  A  brief  general  review  will  be  given  of  some  of  the  main 
methods  which  have  been  used,  and  this  will  be  followed  by  more 
detailed  descriptions  of  selected  methods.  Fuller  reviews  ol  the 
literature  have  been  published  elsewhere  (16,  26,  29,  34).  A  discus¬ 
sion  of  various  modern  methods  will  be  found  in  the  paper  by 
Luduena  et  al.  (24). 

Blood  plasma—  When  an  estimate  is  required  of  the  adrenaline 
in  plasma,  it  is  sometimes  possible  to  test  the  plasma  directly  with¬ 
out  treatment  provided  certain  precautions  are  taken.  When  blood 
is  removed  from  the  body,  pharmacologically  active  substances  are 
liable  to  be  liberated  from  the  cells  and  to  interfere  with  pharma¬ 
cologic  tests.  These  substances  include  histamine,  an  adenosine¬ 
like  compound  and  a  vasoconstrictor  substance  which  has  been 
named  “serotonin.”  The  simplest  method  of  avoiding  interference 
from  these  substances  is  to  separate  the  plasma  from  the  cells 
before  they  are  liberated.  When  adrenaline  is  added  to  blood  it  is 
taken  up  by  the  cells,  and  when  the  concentration  is  low  a  con¬ 
siderable  proportion  may  disappear  in  this  way.  However,  this 
process  takes  several  hours  and  is  unlikely  to  interfere  with  the 
accuracy  oi  assays  in  which  the  cells  are  separated  rapidly  from 
the  plasma  (2). 

With  these  facts  in  mind,  the  following  technique  is  recom¬ 
mended. 

PROCEDURE 


pipet.  If  this  plasma  is  kept  cool 
maline  are  stable  in  it  for  2  days. 
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Standard  solutions.—  Adrenaline  and  nor-adrenaline  are  easily 
oxidized  in  neutral  or  alkaline  solutions,  but  are  stable  in  acids. 
The  optimum  pH  for  stability  is  about  4.2  (6).  Standard  solutions 
may  be  prepared  in  saline  (0.9%  NaCl)  containing  ascorbic  acid 
(10  /xg/ml).  Such  solutions  are  stable  for  several  hours  at  room 
temperature,  but  should  be  made  either  by  diluting  a  more  con¬ 
centrated  solution  which  is  known  to  be  stable  or  preferably  by 
weighing  out  solid  material  on  the  day  that  the  test  is  done.  For 
this  purpose,  adrenaline  base  is  dissolved  in  a  minimum  quantity 
of  HC1,  or  nor-adrenaline  chloride  is  dissolved  directly  in  saline. 
Commercial  solutions  of  adrenaline  generally  contain  preserva¬ 
tives  which  may  interfere  with  the  test. 

1-adrenaline  and  1-nor-adrenaline  have  much  greater  pharmaco¬ 
logic  activity  than  the  d-isomers,  and  the  assumption  is  commonly 
made  that  the  less  active  isomers  do  not  occur  naturally.  If  this 
assumption  is  true  and  if  1-isomers  are  used  as  standards,  no  com¬ 
plications  occur.  1-nor-adrenaline  has,  however,  only  recently  be¬ 
come  available  (38),  and  in  the  past  racemic  nor-adrenaline  has 
been  used  as  a  standard  and  assumed  to  owe  all  its  pharmacologic 
activity  to  the  more  active  isomer— an  assumption  which  appears  to 
be  practically  true  (24,  39).  The  occurrence  of  the  d-isomers  either 
in  the  standard  or  in  the  unknown  solution  would  cause  a  dis¬ 


crepancy  between  the  results  of  colorimetric  or  fluoiimetnc  assays 
and  those  of  bioassays. 

The  fluids  used  in  these  tests  sometimes  contain  substances 
which  may  interfere  with  the  assay.  Errors  due  to  these  substances 
can  be  avoided  when  it  is  possible  to  use  a  control  blank  fluid  to 
dilute  the  standard  preparation  and  to  arrange  that  equal  amounts 
of  interfering  substances  are  present  in  the  standard  and  unknown 
solutions.  For  example,  plasma  collected  during  the  stimulation 
of  nerves  may  be  mixed  with  a  given  volume  of  saline  and  com¬ 
pared  with  plasma  collected  before  stimulation,  mixed  with  the 
same  volume  of  saline  containing  varying  amounts  of  adrenaline. 

Colorimetric  metlwds.-a )  Oxidation.  Many  oxidizing  agents 
make  adrenaline  turn  red,  owing  to  the  formation  of  adreno- 

chrome  (18,  30).  .  .  , 

A  number  of  tests  have  been  based  on  this  reaction,  whit :  v 

first  observed  by  Vulpian  (1856)  in  adrenal  extracts  (4  10,  40)  A 
dozen  different  oxidizing  agents  have  been  used,  including  potas¬ 
sium  ferricyanide,  mercuric  chloride,  potassium  permanganate 
potassium  persulfate,  potassium  iodate  and  various  Mo* 

workers  agree  that  it  is  not  possible  in  this  way  «,  estimate 
centrations  of  adrenaline  much  less  than  10  (10  ^g/ml). 
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b)  Reduction.  Various  tests  have  been  devised  in  which  adiena- 
line  acts  as  a  reducing  agent.  In  the  method  described  by  Folin, 
Cannon  and  Dennis  (13),  phosphotungstic  acid  was  used.  In  lecent 
years  tests  have  been  described  which  depend  on  the  reduction  of 
arsenomolybdic  acid  to  a  blue  compound  (44).  Such  tests  are  more 
sensitive  than  those  depending  on  the  formation  of  adrenochrome, 
but  less  specific.  Other  reducing  substances,  such  as  glutathione 
and  ascorbic  acid,  may  have  effects  like  those  of  adrenaline,  and 
the  test  means  little  unless  such  substances  are  removed  before  it 
is  applied.  One  method  of  achieving  this  was  introduced  by  Shaw 
(35),  who  used  freshly  precipitated  alumina,  which  adsorbs  adren¬ 
aline  at  pH  8.5  but  not  at  pH  4.  It  is  unnecessary  to  elute  the 
adrenaline,  since  the  alumina  dissolves  in  the  acid  reagents  used 
in  the  test.  If  adrenaline  is  treated  with  alkali  in  the  presence  of 
oxygen  before  the  addition  of  the  arsenomolybdic  acid  the  colour 
is  increased  about  5  times,  presumably  because  the  adrenaline  is 
converted  into  a  more  potent  reducing  agent.  This  fact  provides 
a  specific  test  for  adrenaline,  since  no  such  increase  of  colour  occurs 
with  nor-adrenaline  or  with  any  of  a  number  of  allied  catechol 
derivatives  containing  side-chains  slightly  different  from  that  of 
adrenaline  (35).  On  the  other  hand,  the  transformation  of  adrena¬ 
line  into  an  agent  more  active  in  this  test  may  occur  to  an  un¬ 
known  extent  in  solutions  to  be  tested;  this  fact  may  account  for 
the  high  values  sometimes  given  by  tests  of  this  kind  (4). 

Fluorescence—  A  number  of  workers  have  described  tests  based 
on  the  fact  that  adrenaline  is  converted  by  alkali  in  the  presence 
of  oxygen  into  a  fluorescent  substance  (22,  17,  29).  This  substance 
probably  has  the  following  structure  (25). 


It  is  easily  oxidized  and  the  fluorescence  is  transient  in  the  con¬ 
ditions  generally  used  for  the  test.  The  main  difficulty  in  this  test 
is  due  to  the  presence  of  other  fluorescent  substances  in  tissues 
Methods  of  separating  adrenaline  from  these  substances  have  been 
described  but  none  is  yet  generally  accepted,  and  this  test  will  not 
be  described  in  detail.  Nor-adrenaline  has  effects  similar  to  those 
ol  adienahne  in  both  colorimetric  and  fluorimetric  tests.  How¬ 
ever,  the  concentrations  of  nor-adrenaline  necessary  to  produce 
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colour  or  fluorescence  are  generally  much  higher  than  those  of 
adrenaline. 

Further  reference  to  this  test  and  to  colorimetric  tests  will  be 
found  on  pages  134  and  135. 


PHARMACOLOGICAL  METHODS 


The  whole  cat.— For  many  years  the  standard  method  of  esti¬ 
mating  adrenaline  was  by  its  effect  on  the  blood  pressure  of  spinal 
cats.  This  technique  was  much  used  by  Elliott  (9).  It  gives  very 
accurate  results  when  high  concentrations  of  adrenaline  are 
present. 

After  ergotoxine  (3)  or  any  of  a  number  of  other  allied  drugs, 
adrenaline  causes  a  fall  of  blood  pressure  in  cats  and  nor-adren- 
aline  usually  has  no  effect  at  all  in  normal  doses  (for  references  see 
West  (43)).  These  facts  have  been  used  to  distinguish  the  2  sub¬ 
stances. 


Adrenaline  has  many  other  effects  on  the  whole  cat  which  can 
be  recorded  and  used  for  assays.  Cannon  and  his  co-workers  used  a 
number  of  such  reactions  to  detect  substances  liberated  by  nerves 
and  carried  by  the  normal  circulation  to  other  parts  of  the  cat  (8). 
Others  have  used  similar  methods  to  assay  solutions  injected 
intravenously. 

The  reactions  which  have  been  used  include  the  heart  rate,  con¬ 


traction  of  the  nictitating  membrane  or  lower  lid,  dilatation  of  the 
pupil,  inhibition  of  the  virgin  uterus,  inhibition  of  the  intestine, 
pilomotion  and  contraction  of  the  retractor  penis. 

Useful  data  have  been  obtained  by  simultaneously  recording  the 
movements  of  the  nictitating  membrane  and  virgin  uterus  of  cats. 
Adrenaline  excites  the  membrane  and  inhibits  the  uteius.  Noi- 
adrenaline  excites  the  membrane,  but  has  little  or  no  action  on  the 
uterus  in  comparable  doses.  Such  preparations  have  been  used  to 
detect  substances  liberated  in  vivo  (8)  or  injected  (1). 

The  nictitating  membrane  may  be  sensitized  to  both  adrenaline 
and  nor-adrenaline  by  cocaine  or  by  degenerative  section  of  the 
cervical  sympathetic  a  week  or  more  before  the  main  experiment. 
In  both  instances  the  effect  of  nor  adrenaline  is  increased  more 
than  that  of  adrenaline  (39,  7).  Bulbring  and  Burn  (7)  used  cats 
in  which  1  membrane  was  sensitized  by  denervation  and  estimatec 
the  percentage  of  methylation  in  a  mixture  of  adiena  me  an 
nor-adrenaline  by  comparing  the  sizes  of  the  cflects  on  t  ic  - 
membranes  and  by  comparing  both  effects  with  the  effec  oi 

blood  pressure. 

Fairly  large  doses  (about  1  ^g)  are  needed  when  the  drugs  ate 
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given  intravenously.  If  injections  are  made  into  the  carotid  artery 

the  dose  is  25-50  times  smaller  (16). 

Dot's  blood  pressure.- The  U.S.  Pharmacopeia  describes  a 
method  for  the  assay  of  epinephrine  solution  by  its  effect  on  the 
blood  pressure  of  an  anaesthetized  dog.  Noel  (27)  has  described  a 
method  of  reducing  and  estimating  the  error  of  such  experiments 
by  measuring  the  sizes  of  a  number  of  responses  and  then  applying 
appropriate  formulae  to  the  figures  so  obtained.  It  is  based  on  the 
(9  _j_  2)  dose  design  proposed  by  Gaddum  (14)  and  first  applied  by 
Schild  (31)  to  records  on  a  smoked  drum. 

Isolated  plain  muscle—  Preparations  of  intestine  are  inhibited 
by  adrenaline  or  nor-adrenaline  in  similar  concentrations,  though 
nor-adrenaline  is  generally  the  more  active.  Rabbit  s  intestine  has 
been  much  used  as  a  test  for  adrenaline.  The  hen’s  rectal  cecum 
(5)  provides  1  of  the  most  sensitive  preparations  that  can  be  made 
from  intestine. 

The  effect  on  the  uterus  is  excitor  in  rabbits  and  pregnant  cats 
and  inhibitor  in  rats,  guinea-pigs  and  virgin  cats.  T  hese  inhibitory 
effects  on  the  uterus  provide  specific  tests  for  adrenaline  since  nor¬ 
adrenaline  is  comparatively  inactive.  Tests  depending  on  rat’s 
uterus  and  rat’s  colon  have  been  found  particularly  useful  and 
are  described  in  detail  below. 

Frog’s  tissues.— T  he  frog’s  heart  was  the  first  tissue  used  to  detect 
sympathin  (23).  A  number  of  workers  have  used  it  for  the  estima¬ 
tion  of  adrenaline  (41).  Trendelenburg  (37)  adopted  Lawens’  tech¬ 
nique  for  perfusing  frogs  as  a  test  for  adrenaline  in  blood.  Both 
those  preparations  are  often  very  sensitive  to  adrenaline,  but  they 
are  unreliable  and  erratic  and  too  sensitive  to  other  substances 
which  may  be  present  in  tissues  (42). 

PROCEDURE  USING  RAT’S  UTERUS 

One  of  the  most  sensitive  and  specific  tests  for  adrenaline  de¬ 
pends  on  the  rat’s  uterus,  suspended  as  an  isolated  organ,  in  con¬ 
ditions  where  its  spontaneous  activity  is  absent.  Contractions  are 
produced  at  regular  intervals  with  ACh,  and  adrenaline  estimated 
by  its  power  of  reducing  the  size  of  these  contractions.  The  method 
described  here  differs  in  details  from  the  original  technique  of  de 
Jalon  et  al.  (20). 

The  \alue  ol  this  test  lies  in  its  sensitivity  for  adrenaline  and  in 
its  lack  of  sensitivity  for  nor-adrenaline,  which  is  75-300  times  less 
acti\e  in  this  test.  Adrenaline  is  the  only  substance  known  to  occur 
naturally  which  has  high  activity  in  this  test.  On  the  other  hand, 

synthetic  substances,  such  as  isopropyl-nor-adrenaline,  are  as  active 
as  adrenaline  (16). 
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a)  Preparation.— The  rat  should  be  an  adult  female  not  in  oes¬ 
trus,  who  has  not  been  pregnant  for  at  least  4  weeks.  The  uterus  is 
generally  still  suitable  when  it  has  been  kept  for  24  hr  at  4  C.  One 
horn  of  the  uterus  is  suspended  in  a  small  bath  about  6  cm  long 
with  a  capacity  of  2  ml  (Fig.  1).  At  its  lower  end  it  is  attached  by 


Fig.  1.— Small  bath  for  studying  effects  of  drugs  on  isolated  plain  muscle. 


means  of  a  thread  to  a  loop  of  wire  stuck  in  the  rubber  stopper 
that  closes  the  lower  end  of  the  bath.  Its  uppei  en  is  a  ac  y 
a  thread  to  a  light  lever  which  writes  on  a  smoked  drum  and  magni¬ 
fies  the  movements  of  the  muscle  5-7  times.  The  tension  on  the 
muscle  is  adjusted  in  each  experiment  to  a  suitable  small  va 
lumps  of  Plasticine  on  the  lever.  If  it  is  too  great,  the  muscle  w.l 
givemo  small  a  response,  and  if  it  is  too  light,  themusdew  nol 
'relax  properly  when  the  drug  is  removed.  The  2  ml  organ  ha  h 
almost  entirely  immersed  in  a  water  bath  kept  at  30  C  and  is  hem 
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water  bath  and  controlled  by  a  clip  by  means  of  which  the  organ 
bath  may  be  emptied.  It  is  also  connected  through  a  warming  coil 
with  a  reservoir  containing  a  modified  Locke  solution  with  which 
the  organ  bath  can  be  filled  by  opening  a  clip.  The  percentage 
composition  of  the  Locke  solution  follows  (all  AR  and  as  anhy¬ 
drous  preparations:  sodium  chloride,  0.9;  potassium  chloride, 
0.042;  calcium  chloride,  0.006;  sodium  bicarbonate,  0.05;  glu¬ 
cose,  0.05. 

Air,  or  oxygen,  is  slowly  bubbled  through  the  organ  bath.  The 
rate  of  bubbling  should  be  sufficient  to  ensure  rapid  mixing  and 
to  keep  the  uterus  supplied  with  oxygen.  If  plasma  is  added  to  the 
bath  much  frothing  may  occur  and,  unless  the  rate  of  bubbling  is 
low,  much  of  the  fluid  is  lost  from  the  bath.  In  experiments  of  this 
type,  it  is  often  better  to  use  oxygen  than  air  and  to  saturate  the 
stock  solution  with  oxygen  at  room  temperature  as  well.  The  rate 
of  bubbling  can  then  be  reduced  to  lower  values  while  still  main¬ 
taining  adequate  oxygenation.  The  rate  of  bubbling  must  not  be 
altered  during  an  experiment;  such  alterations  are  liable  to  affect 


the  size  of  the  response. 

b)  Performance  of  the  test—  Drugs  are  added  to  the  bath  in  vol¬ 
umes  of  0.02-0.2  ml  measured  from  a  calibrated  pipet  or  syringe. 
They  should  be  dissolved  in  an  isotonic  watery  solution  with  an 
appioximately  neutral  pH.  Acetylcholine  is  quite  stable  at  pH  4 
and  becomes  less  stable  at  higher  pH  values.  Solutions  just  acid  to 
litmus  paper  are  satisfactory.  The  preparation  of  stable  solutions 
of  adrenaline  and  nor-adrenaline  is  described  on  pa^e  118 
For  satisfactory  results,  it  is  necessary  to  follow  a  rigid  timetable, 
his  may  be  modified  in  different  experiments,  but  the  following 
sequence  is  typical  At  zero  time,  0. 1  ml  of  ACh  (10  „g/ml)  is  added 
to  the  bath.  This  dose  may  be  modified  according  to  the  sensitivity 

°/  hfle  ™usde;  At,  30,  sec  (when  the  response  is  nearly  complete) 
d,e  fluid  in  the  bath  is  changed  twice  and  the  muscle  relaxes 
At  2  min  a  second  dose  of  ACh  is  given  and  the  whole  cycle  is 
then  repeated  every  2  min  until  the  muscle  is  giving  regular  re 
sponses.  The  effect  of  adrenaline  is  tested  by  fdding  a  suitable 
dose  (about  m^g  =  0.001  „g)  at  time  I  min  while  the  doses  of  ACh 

the"  b™,:  for  f  ^  "'is  ^  ^-n"  ££ 

with  the  ACh  I„‘effeec  0re  t  ACh  added  and  also  for  30  sec 
to  ACh  Afu  nffV  15  °Wn  as  a  diminution  of  the  response 

“nd  o,  v  affea™:  pt:  fo  IrT^  ^  di™~  *  ^ 

the  inhibition  increases  fo  both  e  ?  'A™  **“  doSe  is  increased 

a  comparatively  lame  dose"*  of  e*tentand  ^Llration,  so  that  after 

lias  no  effect  a  i  Li  l  ,  ^™1'®  the  next  Jose  of  ACh 
all  and  several  subsequent  responses  are  dimin- 
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ished  in  si/e.  After  each  dose  of  adrenaline,  the  muscle  is  stimu¬ 
lated  every  2  min  with  ACh  until  the  response  returns  to  its  initial 
size.  A  suitable  dose  of  adrenaline  for  use  in  assays  is  one  which 
reduces  1  response  by  about  i/2  and  has  no  action  on  the  next 
response  but  1.  When  such  a  dose  has  been  found  the  unknown 
solution  is  tested  in  the  same  way.  The  dose  of  adrenaline  is  then 
repeated.  If  the  response  to  the  unknown  solution  is  judged  to  be 
greater  than  the  average  of  the  2  responses  to  adrenaline  given 
before  and  after  it,  then  the  effect  of  a  smaller  dose  is  tested  until  a 
dose  is  found  which  has  an  effect  less  than  that  of  the  standard 
dose  of  adrenaline.  In  this  way,  the  test  provides  an  upper  and  a 
lower  limit  between  which  the  equivalent  dose  of  the  unknown 
solution  is  judged  to  lie.  It  is  generally  best  to  let  the  result  depend 
on  the  mean  of  2  such  limiting  values  rather  than  on  the  finding 
of  a  dose  of  the  unknown  which  produces  1  effect  which  exactly 
matches  that  of  the  standard  adrenaline  solution. 

c)  Automatic  apparatus—  The  labour  involved  in  this  method 
can  be  lessened  by  the  use  of  automatic  devices  for  applying  a 
stimulating  drug  to  the  uterus  at  regular  intervals.  An  apparatus 
of  the  type  described  by  Schild  (32,  33)  would  presumably  be  satis¬ 
factory;  a  simplified  form  of  this  apparatus  has  been  found  effec¬ 


tive  and  is  described  here. 

The  organ  bath  is  never  emptied,  but  is  changed  at  suitable 
intervals  by  running  a  fresh  solution  in  through  warming  coils 
from  below.  The  level  in  the  bath  is  kept  constant  by  an  overflow 
tube  connected  with  a  suction  pump.  1  he  tube  at  the  base  of  the 
organ  bath  is  connected  with  2  reservoirs,  1  of  which  is  filled  with 
a  saline  solution  (p.118)  and  the  other  is  filled  with  the  same  solu¬ 
tion  and  a  stimulant  drug.  Acetylcholine  is  unsuitable  for  this 
purpose  because  it  is  too  unstable,  but  carbachol  (1  /xg/ml)  ias 
been  found  satisfactory.  The  flow  from  these  reservoirs  to  the  bath 
is  controlled  by  electric  relays  which  compress  the  rubber  tu  wng. 
When  it  is  desired  to  change  the  solution  in  the  bath  a  rotating 
contact  closes  tlie  circuit  for  about  5  sec.  This  releases  the  rubber 
and  allows  the  solution  to  run  from  the  reservoir  throug  1  t  e 
organ  bath  to  the  overflow.  The  level  of  the  reservoir  is  adjusted 
so  that  the  amount  of  flow  is  at  least  3  times  the  volume  of  the 
bath  This  apparatus  may  be  set  to  produce  stimuli  at  g 
intervals  of  2  min  as  in  the  experiments  with  ACh  described  above. 
Suitable  closes  of  adrenaline  are  added  at  exactly  1  "'in  Inf 
die  carbachol.  It  should  be  noted  that  when  this  apparatus  is  used 
the  adrenaline  is  washed  out  of  the  bath  when  he  simp  lc sa  - 
solution  is  replaced  by  the  solution  containing  carbachol  w  hereas 
in  the  simpler  apparatus  the  adrenaline  remains  in  the  bath  while 
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the  contraction  is  occurring  and  until  the  ACh  is  washed  out.  This 
fact  does  not  appear  seriously  to  interfere  with  the  sensitivity  of 
the  test.  An  advantage  of  this  method  is  that  the  frothing  which 
may  occur  when  plasma  is  added  to  the  hath  does  not  cause  enoi  s 
by  diminishing  the  volume  of  fluid  in  the  bath. 

d)  Statistical  method.— 'The  accuracy  of  such  assays  is  not  high. 
When  greater  accuracy  is  required  it  may  be  attained  by  a  more 
prolonged  experiment  designed  so  that  the  results  may  be  analysed 
statistically.  This  type  of  experiment  has  already  been  mentioned 
in  connection  with  assays  on  the  blood  pressure  of  dogs  (p.  121). 
A  simple  method  of  calculating  the  results  has  been  given  by  Noel 
(27)  and  applied  by  Lembeck  (21)  to  the  rat’s  uterus. 

The  test  depends  on  the  use  of  2  vol  of  a  standard  preparation 
of  adrenaline  (S2  and  S2)  and  2  vol  of  the  unknown  solution  ( U1 
and  U2).  They  are  chosen  so  that  S2/Sl  =  U2/U1  =  2.  These  4 
doses  are  given  in  random  order  and  their  effects  recorded.  This 
process  is  repeated  4  times  with  the  doses  in  a  different  order  so 
that  4  sets,  each  of  4  effects,  are  recorded. 

The  size  of  each  effect  is  then  estimated  as  follows.  The  height 
of  the  4  responses  to  carbachol  just  before  each  dose  of  adrenaline 
in  each  set  is  measured  on  the  smoked  paper.  The  average  of  these 
measurements  is  taken  as  the  effect  produced  in  the  absence  of 
adrenaline  during  the  recording  of  this  set  of  responses.  The  per¬ 
centage  depression  of  this  response  by  each  dose  is  then  obtained 
by  measurement  and  calculation,  and  taken  as  an  estimate  of  the 
effect  of  the  dose.  If  S1(  .S2,  U1  and  U2  are  the  average  effects  of 
the  4  doses,  then  the  ratio  of  the  concentration  of  adrenaline  in  the 
unknown  solution  to  that  in  the  standard  solution  is  calculated 
from  the  following  formula. 


M  =  log  (ratio  of  concentrations  U:S) 

Ux+  u2  —  sx  —  s2 


U  2  —  U  i  +  S2  —  s. 


X  0.301 


Slightly  more  elaborate  calculations  are  needed  for  an  estimate 
of  the  enor.  Noel  s  paper  (27)  should  be  consulted  for  details. 

TEST  USING  RAT’S  COLON 

The  technique  used  with  rat’s  uterus  can  be  applied  with  some 
modifications  to  rat’s  colon.  This  tissue  provides  a  sensitive  test 
for  nor-adrenaline,  which  generally  has  slightly  more  effect  than 
equal  doses  of  adrenaline;  but  the  error  is  large. 

The  mochfiamotis  used  with  the  rat’s  colon  follow. 

dist'inethshel'l1  CT  °f  th<i  descendinS  is  used;  this  tissue  is 

distinguished  by  diagonal  strips  of  muscle  on  its  surface. 
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2.  A  piece  of  colon  which  has  been  kept  for  24  hr  at  4  C  in 
moist  air  after  removal  from  the  rat  is  often  more  sensitive  to  nor¬ 
adrenaline  and  less  sensitive  to  adrenaline  than  a  fresh  prepara¬ 
tion,  and  also  less  liable  to  make  spontaneous  movements. 

3.  The  temperature  of  the  bath  is  lowered  until  spontaneous 
movements  cease.  A  temperature  of  25  C  is  often  suitable.  If  spon¬ 
taneous  movements  are  still  troublesome  they  may  sometimes  be 
abolished  by  using  a  still  lower  concentration  of  CaCl2  (0.003%). 

4.  The  dose  of  ACh  or  carbachol  is  lower  than  with  the  uterus 
(0.01-0.1  pg  in  a  2  ml  bath).  In  the  statistical  method  the  ratio  of 
doses  may  be  2  or  4. 


PERFUSION  OF  RABBIT’S  EAR 

The  perfused  rabbit’s  ear  provides  one  of  the  most  sensitive  and 
reliable  tests  for  adrenaline  (34,  16).  There  is  little  to  add  to  the 
description  of  this  technique  which  appeared  in  Volume  1  of 
Methods  in  Medical  Research  (28). 

A  simpler  method  has  been  found  to  give  satisfactory  results 
for  the  present  purpose  (15,  16).  The  ear  is  perfused  at  room  tem¬ 
perature  by  connecting  the  arterial  can¬ 
nula  with  rubber  tubing  to  a  reservoir 
filled  with  the  perfusion  fluid  at  a  height 
10-20  cm  above  the  ear.  If  the  surface  of 
the  fluid  has  a  fairly  large  area,  the  level 
falls  so  slowly  that  the  rate  of  flow  is 
approximately  constant  over  a  period  of 
hours.  A  device  such  as  that  in  a  Mariotte 
bottle  is  liable  to  introduce  irregularities 
in  the  flow  associated  with  the  escape  of 
each  bubble  of  air  and  should  therefore 
be  avoided. 

The  cannula  may  be  tied  in  the  central 
artery  of  the  ear.  An  alternative  and 
easier  technique  is  to  decapitate  the  rab¬ 
bit  and  tie  the  cannula  in  the  carotid 
artery  and  start  the  perfusion  quickly  be¬ 
fore  the  blood  clots.  All  the  branches  of  the  carotid  artery  except 

that  to  the  ear  are  then  tied.  ,  .  ,  .  i 

The  perfusion  fluid  is  collected  from  a  cannula  in  the  extei : na 
jugula/vein  and  flows  thence  to  the  outflow  recorder.  A  conven- 
lent  type  of  recorder  for  this  purpose  is  the  drop-timer*  (15)  which 

•This~apparatlis  is  obtainable  from  Messrs.  C.  F.  Patmer  (London).  Ltd.. 
63a  Effra  Rd.,  Brixton,  London,  S.W  — 


injecting  drugs  into  the 
fluid  perfusing  a  rab¬ 
bit’s  ear. 
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works  on  the  same  principle  as  the  more  elaborate  pulszeit- 
schreiber  of  Fleisch  (12).  In  this  apparatus  a  writing  point  rises 
at  a  steady  rate  on  the  drum  during  the  interval  between  drops, 
the  arrival  of  each  drop  closes  a  circuit  of  a  wireless  valve  (radio 
tube)  which  then  releases  a  magnetic  clutch  and  allows  the  wr  iting 
point  to  fall  to  the  base  line  again.  The  record  thus  appears  as  a 
series  of  vertical  lines  on  the  drum  and  the  height  of  each  line  is  a 
measure  of  the  time  interval  between  drops.  A  satisfactory  and 
simpler  method  has  been  described  by  Stephenson  (36). 

Drugs  are  injected  (in  0.05-0.2  ml)  through  a  rubber  cap  into 
the  perfusion  fluid  near  the  arterial  cannula.  It  is  convenient  for 
this  purpose  to  use  a  cannula  which  is  largely  filled  with  air  and 
which  is  so  constructed  that  the  fluid  runs  down  from  a  side- 
tube  through  the  air  space  (Fig.  2).  This  prevents  the  mixing  of 
injected  fluids  with  the  fluid  coming  from  the  reservoir  and  facili¬ 
tates  the  slow  injection  that  is  necessary  if  mechanical  effects  on 
the  outflow  are  to  be  avoided. 


IDENTIFICATION  OF  SYMPATHOMIMETIC  AMINES 


The  best  evidence  for  the  real  nature  of  neurohumors  would, 
of  course,  be  isolation  in  the  chemically  pure  state.  Acetylcholine, 
adrenaline  and  nor-adrenaline  have  all  been  isolated  from  animal 
tissues.  The  quantities  liberated  by  nerves  are,  however,  very 
small,  and  all  our  knowledge  about  them  depends  on  pharmaco¬ 
logical  evidence.  Some  tissues  are  more  sensitive  to  1  amine,  some 
to  another,  and  by  testing  an  unknown  solution  on  several  tissues 
the  amines  can  be  distinguished  from  one  another.  This  was  the 


method  used  by  Cannon  and  Rosenblueth  to  show  that  sympathin 
was  not  just  adrenaline,  and  it  has  often  been  used  by  others  (1,  7, 
16).  It  is  called  the  method  of  parallel  quantitative  assays.  To  find 
out  whether  the  effects  of  an  unknown  solution  are  due  to  adren¬ 
aline,  the  solution  is  assayed  quantitatively  in  comparison  with 
adrenaline  by  several  different  methods.  If  adrenaline  is  the  only 
active  substance  present  affecting  the  results  of  the  tests,  all  the 
estimates  should  agree  with  one  another  within  their  limits  of 
enor.  If  the  active  substance  in  the  unknown  solution  is  nor¬ 
adrenaline,  the  results  will  often  differ.  In  this  case,  the  estimate 
ot  the  adrenaline  equivalent  obtained  from  the  rat’s  colon  is  likely 
to  be  100  times  as  great  as  the  estimate  obtained  from  the  rat’s 
uterus.  On  the  other  hand,  if  nor-adrenaline  is  used  as  the  stand¬ 
ard  preparation  in  these  assays,  the  results  should  all  agree  with 

:;;:rthrVn  thr  Way’  U  is  quite  easy  to  distinguish  between  a 
n  adi  enaline  and  a  solution  of  nor-adrenaline,  or  a-ethvl- 
nor-adrenalme.  y 
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Various  other  allied  substances  (such  as  Epinine,  Corbasil,  Aleu- 
drin  [Isuprel],  Adrenalone,  etc.)  would  not  be  distinguished  from 
adrenaline  by  these  2  tests,  but  would  be  so  distinguished  if  esti¬ 
mates  were  also  made  on  the  same  solution  by  means  of  the  per¬ 
fused  rabbit’s  ear.  If  these  3  tests  agree  in  their  estimates  of  the 
adrenaline  equivalent  of  an  unknown  solution,  it  is  reasonable  to 
conclude  that  this  amount  of  adrenaline  actually  is  present.  No 
other  single  substance  is  known  which  gives  concordant  results 
when  tested  in  these  3  ways.  If  a  colorimetric  or  fluorimetric  test 
also  gives  quantitative  agreement  with  the  biological  tests,  the 
strength  of  the  evidence  is  greatly  increased. 

On  the  other  hand,  if  the  unknown  solution  contains  a  mixture 
of  amines,  it  is  not  easy  to  identify  them  by  such  tests.  If  it  con¬ 
tains  a  mixture  of  adrenaline  with  10  times  as  much  nor  adren¬ 
aline,  then  the  rat’s  uterus  gives  an  estimate  of  the  amount  of 
adrenaline  and  the  rat’s  colon  gives  an  estimate  of  the  amount  of 
nor-adrenaline.  The  result  can  then  be  confirmed  by  comparing 
the  appropriate  mixture  of  amines  with  the  unknown  solution  by 
their  effects  on  the  rabbit’s  ear. 

If  the  proportions  differ  widely  from  those  given  above,  the 
result  becomes  unreliable.  For  example,  if  there  is  more  adrenaline 
than  nor-adrenaline,  it  is  difficult  to  get  really  convincing  evidence 
that  nor-adrenaline  is  present.  In  this  case,  the  method  proposed 
by  Bulbring  and  Burn  (7)  using  a  normal  and  a  denervated  nicti¬ 
tating  membrane  is  likely  to  be  more  accurate.  Better  results  may 
perhaps  be  obtained  by  chromatographic  separation  followed  by 
pharmacological  tests,  but  the  appropriate  techniques  are  not  yet 
established. 

Note. — Improvements  in  this  section  were  suggested  by  J.  H.  Burn  and 
M.  Vogt. 
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Estimation  of  Adrenaline  and  Nor-Adrenaline  in 

Tissue  Extracts 


U.  S.  v.  EULER,  Karolinska  Institutet,  Stockholm 


PROCEDURES 

1.  Extraction. — The  content  of  sympathomimetic  amines  in 
organs  and  tissues  does  not  seem  to  diminish  before  1-2  hr  after 
the  death  of  the  animal  (6,  26),  but  after  this  time  the  activity  of 
die  extracts  has  been  shown  to  diminish.  When  kept  in  the  cold 
the  organs  retain  their  sympathomimetic  activity  longer. 

For  extraction,  the  tissues  are  finely  cut  with  scissors  or  ground 
in  a  meat  mill  and  transferred  without  delay  into  the  extraction 
fluid.  A  mixer  with  fast  rotating  knives  (Waring  blendor)  con¬ 
taining  the  extraction  fluid  also  serves  the  purpose  well. 

a)  When  ethanol  is  used  for  extraction,  2  1  of  95%  ethanol  with 
the  addition  of  1.25  ml  ION  H2SO</l  is  used  for  1  kg  of  minced 
tissue  and  the  mixture  allowed  to  stand  in  room  temperature  with 
occasional  stirring  for  1-2  hr.  Extraction  for  a  longer  time  mav 

with  7nV'e ,h  Af.ter,fihenn8  on  the  suction  funnel  and  washing 
2  elhano1’  the  “Heeled  filtrate  is  evaporated  to  a  small 

o  nme  in  vacuo.  Fats  are  removed  with  ether.  After  the  ether  is 

fiir 'bio logical6 assay30'*  WhiCh  ““  3  PH  °f  3b°U‘  4’  be  ^d 
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If,  on  the  other  hand,  the  content  of  nor-adrenaline  or  adrenaline 
is  low,  it  is  necessary  to  purify  the  extract  further. 

a)  REMOVAL  OF  DISTURBING  MATERIAL  WITH  FULLERS’  EARTH.— 

The  sympathomimetic  substances  in  the  extracts  are  readily  ad¬ 
sorbed  on  a  number  of  common  adsorbents  but  generally  difficult 
to  elute.  Fullers’  earth  may  be  used  to  remove  contaminating 
biologically  active  substances  from  the  extracts  when  added  in  the 
proportion  of  0.25-0.5  ml  of  a  20%  suspension  to  10  ml  of  extract, 
the  pH  of  which  has  previously  been  adjusted  to  4-5  (7).  This 
treatment  may  be  repeated  if  necessary.  The  moderate  loss  of 
sympathomimetic  activity  generally  occurring  during  this  treat¬ 
ment  may  be  roughly  estimated  by  making  a  parallel  test  with  pure 
nor-adrenaline  or  adrenaline  solutions  treated  with  fullers’  earth. 
Schmiterlow  (26),  examining  various  brands  of  fullers’  earth,  found 
that  the  product  KN11C*  was  best  for  the  purpose.  This  prepara¬ 
tion  was  able  to  remove  the  “depressor”  constituents  of  the  ex¬ 
tracts,  leaving  most  of  the  pressor  material. 

This  procedure  has  been  found  useful  for  preparing  extracts 
suitable  for  biological  assay  of  sympathomimetic  compounds  in 
various  organ  extracts  (7),  blood  (14)  and  blood  vessels  (26). 

b)  adsorption  on  alumina.— Shaw  (27)  found  that  adrenaline 
was  quantitatively  adsorbed  on  alumina  at  pH  8.5,  whereas  no 
adsorption  took  place  at  pH  4.  This  fact  was  used  for  adsorption 
of  adrenaline  in  certain  tissue  extracts  and  subsequent  quantita¬ 
tive  estimation  by  the  colorimetric  method,  also  developed  by 
Shaw,  on  the  basis  of  the  colour  reaction  with  arsenomolybdic 

acid  (32). 

The  adsorption  method  of  Shaw  has  been  modified  (9)  because 
of  the  difficulty  of  eluting  the  adsorbed  substances  for  biological 
tests.  It  has  been  found  that  the  amount  of  aluminium  hydroxide 
necessary  to  attain  complete  adsorption  is  considerably  smallci 
when  the  alumina  is  formed  in  the  solution  by  precipitation  of 
aluminium  sulfate  with  sodium  hydroxide  up  to  pH  7.3.  The  pre¬ 
cipitate  formed  is  filtered  off,  washed  with  distilled  water  and  dis¬ 
solved  in  normal  sulfuric  acid.  After  adjustment  to  pH  3.5  with 
0.5N  NaOH  and  stirring,  4  vol  of  ethanol  or  of  a  mixture  of  equal 
parts  of  ethanol  and  acetone  is  added  and  the  salts  allowed  to 
precipitate  in  the  cold  for  some  10  hr.  Ihe  clear  filtrate  is  evap¬ 
orated  in  vacuo  to  a  small  volume.  The  extract  thus  obtained  may 
be  used  directly  for  biological  assay  or  for  colorimetric  estimation. 
The  yield  amounts  to  some  70-75%  of  the  sympathomimetic  sub- 

*  Manufactured  by  The  Fullers’  Earth  Union,  Ltd.,  Copyhold  Works,  Nut- 
field  Road,  Redhill,  Surrey,  England. 
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stances  present  in  the  crude  extract,  as  determined  from  experi¬ 
ments  in  which  histamine  and  acetylcholine  (and  related  sub¬ 
stances)  have  been  excluded  by  means  of  antihistaminics  and 
atropine. 

3.  Chromatographic  separation.— a)  paper  chromatography. 
Nor-adrenaline  and  adrenaline  separate  when  submitted  to  paper 
chromatography  with  phenol  as  solvent  (21).  Using  this  method, 
James  (21)  claims  to  have  demonstrated  nor-adrenaline  and  adren¬ 
aline  in  tissue  extracts.  The  method  has  been  successfully  applied 
to  extracts  of  medullary  tumours  (19,  16a)  and  to  suprarenal  ex¬ 
tracts  also  with  n-butanol  as  solvent  (11)  and  to  extracts  of 
heart  (17). 

Attempts  have  been  made  to  use  this  method  for  the  quantita¬ 
tive  separation  of  the  catechol  compounds  and  it  has  been  possible 
to  extract  active  material  from  the  paper  with  some  success  (12a). 
The  procedure  has  been  to  cut  out  the  areas  from  the  paper  after 
localization  of  the  spots  or  bands  on  parallel  strips  with  0.44  per 
cent  potassium  ferricyanide  in  phosphate  buffer  at  pH  7.8  (21). 
Owing  partly  to  irregularities  in  the  migration  process  of  the 
catechol  compounds  in  extracts,  however,  this  method  does  not 
give  quantitative  yields.  Instead  of  phenol  saturated  with  0.02N 
HC1,  n-butanol  saturated  with  0.5N  HC1  can  be  used. 

b)  ADSORPTION  ANALYSIS  ON  CELLULOSE  OR  STARCH  COLUMN.— 

When  n-butanol  saturated  writh  0.5N  HC1  is  used  as  solvent,  a 
mixture  of  nor-adrenaline  and  adrenaline  is  distributed  on  the 
cellulose  column  (Grycksbo  OB)  in  such  a  way  that  the  sub¬ 
stances  will  separate  on  continued  development. 

Example:  A  column  of  cellulose  with  an  area  of  2.8  cm2  and  23  cm  length 
was  prepared,  and  n-butanol  saturated  with  0.5N  HC1  was  run  through. 
After  addition  of  0.5  ml  of  a  mixture  of  2  mg  each  of  1-nor-adrenaline  and 
adrenaline  as  hydrochlorides  and  development  with  n-butanol  at  a  rate  of 
ml /hr  the  results  shown  in  Table  1  were  obtained  by  colorimetric 
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This  method  thus  affords  a  separation  of  nor-adrenaline  and 
adrenaline,  which  substances  may  be  estimated  by  either  biological 
or  colorimetric  methods  (see  below). 

A  satisfactory  separation  of  the  2  catechols  may  also  be  obtained 
by  using  the  counter  current  distribution  method  of  Craig,  with 
phenol-0. 02N  HC1  (4). 

4.  Colorimetric  determination —a)  iodine  method.— The  for¬ 
mation  of  coloured  compounds  of  adrenaline  with  iodine  has 
been  used  for  quantitative  determinations  (25).  The  method  has 
recently  been  revised  and  modified  and  extended  for  the  deter¬ 
mination  of  nor-adrenaline  by  Euler  and  Hamberg  (12).  Because 
of  the  different  velocity  of  formation  of  adrenochrome  (18)  and 
nor-adrenochrome  at  various  pH  values,  it  has  been  possible  to 
make  determinations  of  both  substances  in  the  same  extract.  The 
following  procedure  has  been  adopted  as  satisfactory,  using  the 
extinction  at  529  m jx  in  a  Beckman  spectrophotometer. 

PROCEDURE 

To  an  amount  of  purified  extract  (pH  4)  containing  20-200  ^g 
of  catechol  compounds,  1  cc  of  N  acetate  buffer  solution  at  pH  4 
and  0.2  cc  of  0.1N  iodine  are  added.  The  iodine  is  allowed  to  act 
for  exactly  U/2  min.  After  this  time  excess  iodine  is  removed  with 
0.05N  sodium  thiosulfate,  the  volume  brought  up  to  5  or  10  cc, 
and  the  solution  read  within  5  min  in  the  photometer,  against  a 
blank  containing  all  ingredients  except  the  iodine.  The  same 
amount  of  extract  is  then  submitted  to  the  same  procedure  except 
that  acetate  buffer  of  pH  6  is  added  instead  of  the  pH  4  buffer 
and  the  iodine  allowed  to  act  for  3  min. 

The  first  reading  represents  the  colour  given  by  the  total  of 
adrenaline  and  approximately  10%  of  the  nor-adrenaline.  The 
second  reading  gives  the  sum  of  nor-adrenaline  and  adrenaline. 
The  colour  intensity  is  maximal  for  adrenaline  when  iodine  is 
allowed  to  act  for  U/2  min  at  pH  4,  and  for  nor-adrenaline  for 
3  min  at  pH  6.  The  wavelength  529  m^  is  chosen  to  give  equal 
readings  for  adrenochrome  at  pH  4  and  pH  6  with  an  amount  of 
adrenaline  of  10  Mg/ ml.  To  minimize  the  slight  bleaching  of  the 
colour  in  the  presence  of  excess  thiosulfate,  the  reaction  may  be 
brought  to  pH  4  in  the  second  procedure  by  means  of  N  sulfuric 
acid  before  adding  the  thiosulfate.  The  amounts  of  adrenaline 
and  nor-adrenaline  are  calculated  from  the  formulae 

X  =TrV  (a-pb) 

l—p 
n 

y  =  t^p 


(b-a) 
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where  x  =  /xg  adrenaline  present 

y  —  Up  nor-adrcnaline  present 
m  ==  calibration  factor  for  adrenaline 
_/  ^ig  adrenaline  \ 

\  photometer  reading  / 
n  =  calibration  factor  for  nor-adrenaline 
a  —  reading  after  iodine  treatment  1 1/2  min  at  pH  4 
b  =  reading  after  iodine  treatment  3  min  at  pH  6 
p  —  relative  amount  of  nor-adrenaline  oxidized  at  pH  4  in 
min 


b)  Shaw’s  method.— Shaw  (27)  found  that  the  colour  given  by 
adrenaline  and  the  arsenomolybdic  reagent  was  augmented  3-5 
times  by  previous  treatment  with  alkali,  whereas  nor-adrenaline 
did  not  show  any  such  increase  in  colour.  The  method  has  been 
used  extensively  by  Raab  (24),  who  also  noticed,  like  Shaw,  that 
the  increase  in  colour  on  alkali  treatment  (specific  denominator 
ratio)  varies  with  different  organ  extracts.  This  possibly  indicates 
various  proportions  of  adrenaline  and  nor-adrenaline  in  the  ex¬ 
tracts.  The  finding  of  a  s.d.r.  of  1  for  spleen  extracts  (24)  is  in  good 
agreement  with  the  results  demonstrating  that  spleen  contains 
chiefly  nor-adrenaline  (10).  So  far  no  attempts  have  been  made, 
however,  to  use  this  difference  in  behaviour  between  the  substances 
for  a  quantitative  differentiation  of  them. 

The  arsenomolybdic  colorimetric  method  has  recently  been 
subjected  to  criticism  by  Verly  (30),  and  in  its  present  form  it  is 
doubtful  that  it  can  be  used  for  estimating  adrenaline  and  nor¬ 
adrenaline  quantitatively  in  a  mixture. 

c)  fluorescence  method.— 1  he  intense  fluorescence  in  ultra¬ 


violet  of  adrenaline  in  the  presence  of  strong  alkali  and  oxygen 
(16,  23)  has  been  used  for  the  estimation  of  adrenaline  in  blood 
and  tissue  extracts  by  several  workers.  Gaddum  and  Schild  noticed 
that  nor-adrenaline  gave  a  much  smaller  fluorescence,  amounting 
only  to  2%  of  that  of  adrenaline.  This  notable  difference  has  been 
repeatedly  confirmed  and  it  has  been  shown  (31)  that  the  appear¬ 
ance  of  fluorescence  in  a  nor-adrenaline  solution  followed  a  rather 
slower  time  course.  It  has  been  observed  that  this  type  of  fluo¬ 
rescence  reaction  occurs  in  extracts  of  spleen  (13). 

The  reaction  does  not  seem  to  have  been  worked  out  for  the 
quantitative  determination  of  adrenaline  in  the  presence  of  nor¬ 
adrenaline.  When  starting  from  the  adrenoch'rome  and  noj- 
drenochrome  obtained  by  treatment  with  iodine,  the  develop¬ 
ment  of  fluorescence  shows  the  same  characteristic  differences  for 
adrenaline  and  nor-adrenaline  as  noted  above  (23) 

f0r^th^de^erndnakUFRBrC11  Ancell-A  colorimetric  method 

r  the  determination  of  nor-adrenaline  in  the  presence  of  adren 

me  (1)  depends  on  the  formation  of  a  purplish  red  colour  with 
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/?-naphthoquinone-4-sulfonic  acid  and  benzalkonium  chloride  in 
borate  buffer  medium.  The  coloured  compound  is  taken  up  in  a 
mixed  solvent  of  toluene  and  ethylene  dichloride  and  estimated 
colorimetrically.  The  method  has  been  used  to  demonstrate  the 
presence  of  nor-adrenaline  in  U.S.P.  epinephrine  crystals  and 
U.S.P.  epinephrine  reference  standard,  where  it  was  shown  to 
occur  in  a  relative  amount  of  10.5-18.5%. 

5.  Biological  estimation.— The  colorimetric  determination  of 
adrenaline  and  nor-adrenaline,  though  comparatively  rapid  and 
simple,  does  not  discriminate  between  the  1-  and  d-forms  of  the 
catechol  compounds.  The  results  should  therefore  be  checked 
against  those  of  biological  estimation.  The  same  objection  is, 
however,  true  for  the  biological  estimation  alone.  Only  by  a  com¬ 
parison  between  the  biological  and  chemical  results  is  it  possible 
to  obtain  complete  information  on  the  nature  of  the  active  sub¬ 
stances.  Such  experiments  have  shown,  however,  that  the  nor¬ 
adrenaline,  like  the  adrenaline,  in  organs  occurs  in  the  1-form 
(8,11,29,4). 

To  estimate  biologically  the  components  in  a  mixture  of  nor¬ 
adrenaline  and  adrenaline,  as  occurring  in  a  variety  of  tissues  and 
body  fluids,  the  differences  in  action  on  different  biological  func¬ 
tions  or  organs  can  be  used.  A  number  of  these  have  been  dis¬ 
covered  and  studied  by  Barger  and  Dale  (2)  Tainter  (28),  Morton 
and  Tainter  (22),  Euler  (7,  8),  West  (31),  Bacq  and  Fischer  (la), 
Holtz  and  Schumann  (20),  Gaddum,  Peart  and  Vogt  (15),  Bul¬ 
bring  and  Burn  (5),  and  others.  Generally  speaking,  nor-adren¬ 
aline  has  stronger  vasoconstrictor  and  other  excitor  effects,  whereas 
the  inhibitory  effects,  such  as  on  the  nonpregnant  uterus  of  the 
cat  and  the  intestine  of  several  species,  are  conspicuously  less 

apparent.  .  r 

For  quantitative  estimation  the  combination  of  results  horn 

cat’s  blood  pressure,  isolated  rectal  cecum  of  the  fowl  (10),  isolated 
uterus  of  the  rat,  frog’s  heart  and  rabbit’s  duodenum  (15,  19) 
have  been  used.  The  difference  in  response  between  the  normally 
innervated  and  the  denervated  nictitating  membrane  of  the  cat, 
where  the  relative  effect  of  nor-adrenaline  is  some  6  times  as 
strong  as  that  of  adrenaline,  has  also  been  used  (5). 

a)  blood  pressure.-A  suitable  preparation  for  the  assay  of  nor¬ 
adrenaline  and  adrenaline  is  the  cat  in  chloralose  anaesthesia  The 
blood  pressure  level  may  be  stabilized  by  the :  intramuscular  mj 
tion  of  0.05-0.1  mg  of  ergotamine  tartrate  (Gvnerge  )/  g- 

ssue  extracts  containing  choline  or  choline  esters  or  histamine 
tested,  the  assay  of  nor-adrenaline  and  adrenaline  can  be  made 


are 


if  the  a 


animal  is  treated  with  atropine  (2  mg/kg  subcutaneously 
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and  Antergan  (10  mg/kg  intramuscularly)  or  some  other  antihista- 
minic  drug.  It  is  important  that  extracts  containing  large  amounts 
of  histamine  should  not  be  used  since  histamine  liberates  nor¬ 
adrenaline  and  adrenaline  from  the  suprarenal  medulla. 

It  will  often  be  noted  that  nor-adrenaline  and  adrenaline  do  not 
cause  the  same  type  of  response  of  the  blood  pressure,  the  nor¬ 
adrenaline  effect  generally  being  more  steep  and  having  a  more 
pointed  crest.  The  adrenaline  action  sometimes  shows  a  short 
depressor  notch  or  a  “step”  between  the  quick  primary  and  the 
final  rise.  The  relative  activity  of  1-nor-adrenaline  and  1-adrenaline 
in  the  cat  varies  within  rather  wide  limits,  depending  on  the  varia¬ 
tions  in  the  vasodilator  influence  of  adrenaline.  Ratios  in  the 
range  of  1:1,  and  even  up  to  5:1,  have  been  observed  in  the  cat. 
An  average  figure  has  little  significance,  since  the  activity  ratio 
must  be  determined  for  each  test  animal.  The  ratio  usually  keeps 
constant  during  the  course  of  the  experiment,  but  should  be 
checked  at  intervals.  The  depressor  action  of  adrenaline  seen  in 
some  cats  usually  subsides  after  a  number  of  injections. 

Usually  the  sensitivity  of  the  cat’s  blood  pressure  preparation 
is  such  that  a  dose  of  0.2-0. 4  ^g  of  1-nor-adrenaline  hydrochloride 
causes  a  good  reaction,  suitable  for  comparison  with  the  extract. 
The  activity  of  the  extract  may  be  expressed  as  either  1-nor- 
adrenaline  hydrochloride  or  1-adrenaline  hydrochloride. 

The  sensitivity  of  the  preparation  may  be  raised  by  treatment 
of  the  test  animal  with  8  mg  of  cocaine  hydrochloride/kg  intra¬ 
muscularly.  The  cocaine  often  produces  some  instability  in  the 
blood  pressure  level. 

A  rough  estimate  of  the  proportions  of  nor-adrenaline  and 
adrenaline  in  the  same  extract  may  be  made  by  intramuscular  in¬ 
jection  in  the  animal  of  some  sympathicolytic  agent  such  as  dihy- 
droergotamine  (0.2  mg/kg),  dihydroergocornine  (0.2  mg/kg)  di- 
enamme  (5-10  mg/kg)  and  piperidinomethylbenzodioxane  (933 
)  (-  3  mg/kg).  All  of  these  compounds  produce  a  reversal  of  the 
lood  pressure  action  of  adrenaline  in  the  cat,  but  only  reduce  or 
sometimes  abolish  the  pressor  action  of  nor-adrenaline.  By  com- 
paiing  t  e  effect  of  the  extract  with  adrenaline,  nor-adrenaline  or 
mixtures  thereof,  some  information  is  obtained  about  the  relative 
amounts  of  the  components.  For  quantitative  assay  the  res  Its 

estimating  adenosine  1  ’  j *  suitable  preparation  for 
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adrenaline  and  adrenaline  was  noted  by  Euler  (8),  who  found 
1-adrenaline  up  to  60  times  more  active  in  relaxing  the  rectal 
cecum  than  1-nor-adrenaline.  During  summer  and  autumn  the 
activity  ratio  has  been  lower  than  during  winter  and  spring  (17). 

The  part  of  the  cecum  next  to  the  rectum  is  used  for  the  bio¬ 
logical  assay.  Tyrode’s  solution  containing  half  the  usual  amount 
of  potassium  has  been  found  advantageous  (3). 

After  the  activity  ratio  of  1-adrenaline  and  1-nor-adrenaline  is 
established,  the  activity  of  the  extract  may  be  expressed  in  terms 
of  either  substance,  since  no  qualitative  differences  in  action  have 
been  noted.  (In  the  beginning  of  an  experiment  it  is  occasionall) 
observed  that  nor-adrenaline  may  cause  a  slight  contraction.) 

The  hen’s  rectal  cecum  is  a  stable  preparation  and,  in  our  hands, 
has  been  less  subject  to  variations  of  sensitivity  and  spontaneous 
activity  than  the  rat’s  uterus,  which,  however,  as  a  rule  shows  a 
rather  higher  activity  ratio  of  1-adrenaline  to  1-nor-adrenaline. 

c)  computation  of  results.— The  figures  obtained  from  the 
estimation  of  the  activity  of  an  extract,  in  terms  of  1-nor-adrenaline 
or  1-adrenaline,  on  the  cat’s  blood  pressure  and  on  the  hen’s  rectal 
cecum  are  computed  in  the  following  way: 


x  =  1-adrenaline  hydrochloride,  fig/g 
y  —1-nor-adrenaline  hydrochloride,  fig/g 

a  z=  activity  of  extract  on  cat’s  B.P.  in  fig  1-nor-adrenaline  HCl/g 

A  =  activity  of  extract  on  hen’s  rectal  cecum  in  fig  1-nor-adrenaline  HCl/g 

1-adrenaline  HC1  ,  „  _ 

on  cat  s  B.P. 


q  =  ratio  of  activity  r 
Q  =  rat*0  act‘v*t>  1-nor-adrenaline  HC1 


nor-adrenaline  HC1 

1-adrenaline  HC1 


on  hen’s  rectal  cecum 


x  —  A  —  a 

y  =A~xQ.  '  ioo  x 

The  percentage  of  adrenaline  may  be  given  by  the  expression  ^  +  - 


Since  the  accuracy  of  the  method  is  dependent  on  the  result  of  4 
assays  (extract  compared  with  either  1-nor-adrenaline  or  1-adren¬ 
aline  on  both  cat’s  blood  pressure  and  hen’s  rectal  cecum  and  the 
ratios  for  1-nor-adrenaline  and  1-adrenaline  determined  in  the  2 
tests),  it  is  likely  to  give  less  exact  figures  than  the  colorimetric 
determination.  On  the  other  hand,  the  biological  method  requires 
rather  less  active  material  than  the  colorimetric  method. 

The  method  has  been  applied  to  extracts  of  splenic  nerves  an 
spleen  (10)  and  of  heart  (17)  and  several  other  organs  in  which 
adrenaline  has  been  demonstrated  in  addition  to  nor-adrenaline 
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(Table  2).  When  colorimetric  determination  has  been  possible, 
good  agreement  between  the  methods  has  been  observed. 


TABLE  2.— Nor-Adrenaline  and  Adrenaline  in  Tissue  Extracts 
(Computed  from  Available  Experiments  and  the  Literature) 


Organ  and 
Source 

L-NOR- ADRENALINE 

HCl* 

L-ADREN  ALINE 

HCl 

Cattle 

Splenic 
nerves  (10) 

10-20  /xg/g 

0.2-0.5  /xg/g 

Spleen  (10) 

2-4  Mg/g 

0.05-0.12  ^g/g 

Cat 

Spleen 

0.81  /jl  g/g 

0.25  Mg/g 

Cattle 

Adrenal 
glands  (20) 

10-15% 

85-90%, 

Man 

Adrenal 
tumours  (19) 

5.3-6.3  mg/g 

0.32-3.7  mg/g 

“  (16a) 

53-90% 

10-47%, 

Cattle 

Adrenal 

glands  (11) 

0.48-0.70  mg/g 

1.80-2.18  mg/g 

Cattle 

Adrenal 
medulla  (11) 

2.68  mg/g 

11.3  mg/g 

Man 

Urine  (normal)f 

1 5 — 46  /ig/24  hr 

2-12  jug/24  hr 

Man 

Urine  (hyper¬ 
tension)! 

55  ng/24  hr 

HO  /ig/24  hr 

Cattle 

Heart 

auricle  (17) 

0.39  /ig/g 

0.037  Mg/g 

Cattle 

Heart 

ventricle  (17) 

0.30  Mg/g 

0.064  Mg/g 

Epinephrine 

U.S.P.  (1) 

10.5-18.5% 

81.5-89.5%, 

enVhaeivedSUreS  haVe  beCn  given  ‘n  termS  °f  dl-nor-adrenaline,  the  corresponding  figure  has 


tUnpublished  observations  of  Euler. 


6.  Chemical  estimation.— Separation  of  nor-adrenaline  and 
adrenaline  may  also  be  accomplished  by  purely  chemical  methods, 
using  the  different  solubility  of  nor-adrenaline  and  adrenaline 
salts,  provided  sufficient  amount  of  material  is  available  (29).  Nor¬ 
adrenaline  has  been  isolated  and  determined  in  this  way  from 
commercial  samples  of  epinephrine  (Adrenalin). 

Comment  by  M.  L.  Tainter 


There  is  often  a  temptation  to  push  bioassay  methods  for  estimating 

rents  of  biologic  flu!ds  beyond  thdr  iimi« 

ot  reliability.  The  variability  of  response  of  any  1  tissue  even  to  a  sinde 
drug  is  recognized  and  commented  on  by  the  author.  Still  greater  is  the 
variation  between  animals.  When  this  uncertainty  is  multiplied  by  the  vari 
ability  arising  from  another  type  of  tissue  in  a  different  spe^th!  ^ 
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best  can  only  be  indicative  of  the  order  of  magnitude  of  the  tissue  concen¬ 
tration.  A  thorough  statistical  analysis  of  the  variance  of  such  bioassay 
results  is  needed  to  indicate  the  degree  of  reliance  which  might  be  placed  on 
them.  Nevertheless,  the  evolution  of  the  methods  described  here  has  con¬ 
tributed  largely  to  the  success  in  understanding  the  physiologic  role  of  the 
sympathetic  neurohumors.  Really  critical  use  of  the  methods  described  will 
permit  quantitative  conclusions  to  be  drawn  which  would  have  been  im¬ 
possible  only  a  few  years  ago. 

The  Auerbach-Angell  colorimetric  method,  although  applicable  mainly 
to  fairl)  pure  mixtures  of  the  2  amines,  is  reliable  and  sensitive  for  determin- 
ing  the  amount  of  compound  possessing  a  primary  amine  group.  For  mate¬ 
rial  suitable  for  isolating  the  principles  by  crystallization  as  suggested  under 
item  6,  the  colorimetric  method  would  be  much  preferable. 

Comment  by  J.  H.  Gaddum 

A  recent  paper  by  Gaddum  and  F.  Lembeck  (The  assay  of  substances 
from  the  adrenal  medulla,  Brit.  J.  Pharmacol.  4:401,  1949)  is  an  attempt 
to  fill  part  of  the  gap  on  which  Dr.  Tainter  has  put  his  finger. 
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SECTION  III 


Selected  Psychomotor 
Measurement  Methods 

associate  editor  —  Walter  R.  Miles 


INTRODUCTION 


The  Governing  Board  for  this  series  of  volumes  has  requested 
contributions  from  the  field  of  psychology  on  methods  k>r  the 
measurement  of  cerebral  function,  and  for  the  current  volume,  on 
the  more  restricted  topic  of  psychomotor  measurement  methods. 
Psychologists  do  not  claim  a  monopoly  on  either  the  general  sub¬ 
ject  nor  on  the  more  specific  one  treated  in  this  chapter.  However, 
they  have  devoted  a  considerable  amount  of  thinking  and  research 
to  various  aspects  of  psychomotor  phenomena  and  accept  the  invi¬ 
tation  of  the  Board  as  implying  an  obligation  and  also  as  a  com¬ 
pliment.  Psychology  of  a  generation  ago  was  largely  dominated  by 
the  point  of  view  that  introspection  was  the  touchstone  of  good 
methodology.  Today  the  methods  are  much  more  objective  and 
result  in  scores  rather  than  introspective  reports.  This  should  not 
be  taken  to  mean  that  subjective  aspects  of  experience  and  be¬ 
havior  are  unimportant.  The  older  professional  attitude  was  that 
“only  a  psychologist  can  give  a  psychological  test.  This  attitude 
was  probably  borrowed  from  the  profession  of  medicine.  Today, 
without  doubting  that  there  is  much  of  importance  in  specific 
professional  training  and  experience,  it  is  nevertheless  assumed 
that  test  know-how  can  be  taken  on  by  others  than  psychologists 
who  are  willing  to  devote  scientific  interest  to  it.  The  point  that 
psychological  tests  should  be  given  and  interpreted  in  a  scien¬ 
tifically  creditable  manner  need  not  be  labored.  In  this  day  o 
large  research  projects  manned  by  research  teams  whose  members 
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divide  up  the  responsibility  for  different  aspects  of  the  work  it  is 
sometimes  most  expedient  to  secure  the  co-operation  of  a  trained 
psychologist  if  much  work  of  this  type  is  planned  in  connection 
with  a  problem. 

It  is  the  function  of  the  present  section  to  introduce  the  subject 
of  psychomotor  measurement  methods  by  presenting  some  con¬ 
crete  examples.  The  range  for  possible  choice  is  quite  large,  but  it 
has  been  assumed  that  the  interest  of  the  reader  would  center  pri¬ 
marily  around  feasible  methods  for  measuring  motor  responses  in 
subjects  who  perform  under  some  kind  of  stress  in  comparison  to 
normal  physiologic  and  psychologic  states.  It  has  also  been  assumed 
that  relatively  simple  methods  involving  procurable  or  easily 
arranged  apparatus,  direct  and  uncomplicated  instructions  and  a 
relatively  short  work  interval  and  yielding  time  and  accuracy 
scores  might  in  general  be  of  use  to  medical  and  biologic  investi¬ 
gators.  In  the  borderfield  between  physiology  and  psychology  are 
a  good  many  methods  for  measuring  reflexes.  Subjective  factors 
exert  a  certain  influence  on  such  responses,  but  measurements  of 
this  type  have  been  ruled  out  of  the  section.  On  the  other  hand, 
there  are  many  aspects  of  behavior  involving  a  psychomotor  ele¬ 
ment  in  combination  with  choice,  discrimination,  insight,  judg¬ 
ment,  memory  or  some  other  mental  operation,  and  these  also 
have  been  omitted.  The  attempt  has  been  to  sample  the  inter¬ 
mediate  field,  in  which  a  simple  perceptual  experience  leads  to 
straightforward  action  when  the  mental  set  for  it  is  affirmative. 
The  tests  selected  are  chiefly  motor  responses  by  the  hand  and  arm, 
lepi  esenting  reaction  time,  finger  dexterity  and  the  execution  of 
arm  movements  of  different  amplitude  and  complexity.  Several 
depend  on  vision  at  the  time  of  executing  the  actions.  There  are 
other  tests  representing  widespread  muscular  co-ordinations  re¬ 
quired  for  strength  of  grip,  for  standing  motionless  and  for  con¬ 
tinued  work  on  the  bicycle  ergometer.  Measurement  methods  for 
eye  movements  and  their  analysis  are  also  represented,  and  a  sam¬ 
ple  from  the  field  of  motor  tests  for  laboratory  animals  is  included. 

—  Walter  R.  Miles. 


A.  PHYSICAL  WORK  AND  STRENGTH  TESTS 


Apparatus  and  Techniques  of  Bicycle  Ergometry 

L.  P.  HERRINGTON,  Yale  University  and  The  John  B.  Pierce  Foundation 


Measurement  of  the  capacity  to  perform  physical  work  has  a 
wide  application  to  problems  in  medicine,  physiology  and  psy¬ 
chology.  Representative  uses  of  an  adequate  test  of  work  capacity 
are:  (a)  the  grading  of  cardiovascular  and  respiratory  response  to 
work  stress  in  normal  subjects,  in  pathologic  cases  and  as  an  index 
of  the  progress  of  convalescence  and  rehabilitation;  (6)  the  assess¬ 
ment  of  the  effect  of  pharmacologic  and  dietary  factors  on  strength 
and  endurance;  (c)  studies  on  the  adjustment  of  the  stressed  organ¬ 
ism  to  nonoptimal  conditions  of  pressure,  atmospheric  gas  com¬ 
position  and  thermal  load;  (d)  the  objective  measurement  of 
motivation  under  conditions  of  elective  work  rate  with  various 


rewards  for  work  accomplished. 

An  ideal  work  task  for  the  purposes  noted  should  meet  a  number 
of  requirements.  A  large  proportion  of  the  muscular  mass  of  the 
human  body  should  be  in  action  and  this  condition  should  hold 
for  all  planes  of  effort  involved  in  the  task.  The  activity  should  be 
highly  practiced  so  that  individual  differences  are  most  heavily 
weighted  with  factors  related  to  maintenance  functions  (circula¬ 
tory,  respiratory  and  metabolic  capacity)  in  contrast  to  differences 
related  primarily  to  co-ordinative  skills.  The  task  output  should 
lend  itself  to  direct  measurement  in  the  work  units  of  physica 
science  and  human  calorimetry.  The  mechanical  provisions  or 
the  task  execution  should  permit  comfortable  maintenance  of  the 
work  rate  (provided  general  tolerance  is  present)  from  loads 
low  as  those  required  by  gravity  factors  in  simple  postural  changes 
to  rates  associated  with  total  metabolic  costs  approximately  equa 

to  10  times  the  basal  metabolism. 

In  the  absence  of  special  training  for  subjects,  no  known  task 

fulfils  all  of  these  requirements.  The  closest  appr— ^ 
perhaps  the  treadmill.  With  this  device,  the  highly  practice 
activity  of  walking  may  be  mechanically  paced  from  minimal  oa 
of  die  order  of  M/2  limes  the  resting  energy  production  to  loads 
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of  the  order  of  10  times  the  basal  rate.  (The  latter  rate  is  attained 
through  increases  in  speed  to  approximately  4.5  mph  with  a 
positive  up-grade  of  6-7 %.) 

The  simplest  work  stress  is,  of  course,  the  widely  used  alteration 
in  body  posture,  with  the  3  postural  positions,  reclining,  sitting 
and  standing.  The  cost  of  vertical  posture  varies  approximately 
from  3-5  to  20  kg-cal/hr,  for  these  respective  vertical  positions: 
suspension  in  water,  mechanical  support  on  a  tilt  table,  and 
ordinary  standing  without  marked  swaying. 

The  stress  limitations  of  postural  tests  and  the  mechanical  com¬ 
plications  and  the  expense  of  treadmill  apparatus  seriously  restrict 
the  usefulness  of  these  techniques.  Perhaps  the  best  compromise, 
and  one  widely  used,  is  the  bicycle  ergometer  work  apparatus. 
This  work  routine  was  used  as  early  as  the  1860’s  by  Pettenkofer 
in  his  classic  calorimetric  studies.  Since  then  the  apparatus  and 
technique,  with  many  improvements  and  alterations,  has  played 
a  prominent  part  in  the  German  studies  referred  to  generally  as 
Arbeitsphysiologie,  in  the  long  series  of  exercise  studies  from 
Krogh’s  laboratory  in  Copenhagen  and  in  comparable  studies  of 
the  Nutrition  Laboratory  of  the  Carnegie  Institution  and  the 
Harvard  Fatigue  Laboratory. 

This  long  record  of  use  and  the  large  amount  of  data  available 
on  bicycle  ergometer  performance  under  varied  conditions  war¬ 
rant  the  present  selection  of  this  apparatus  as  an  item  deserving 
technical  description  in  relation  to  uses  in  the  medical  held  beyond 
the  more  immediate  interests  of  the  physiologic  laboratory. 


APPARATUS 

1.  Friction  brake  bicycle  ergometer.— The  bicycle  ergometer 
is  essentially  a  standard  bicycle  frame  fixed  in  a  normal  riding 
position  by  auxiliary  supports.  As  a  stationary  object,  the  normal 
propulsive  effort  of  the  subject  is  expended  in  overcoming  a  pedal 
resistance  which  may  be  varied  in  a  number  of  ways.  The  simplest 
arrangement  employs  the  conventional  chain  and  sprocket  or 
geai  tiain  to  convey  pedal  motion  to  a  weighted  rear  wheel.  In 
the  absence  of  further  arrangements,  pedal  activity  involves  no 
mechanical  energy  costs  other  than  the  relatively  low  friction 
losses  of  the  gear  assembly  once  the  inertial  load  has  been  over¬ 
come  The  fly  wheel  characteristics  of  the  assembly  serve  to  repro- 

eradon  effect0"  ^  “  °f  n°rmal  ridinS'  A“eleration  and  decel¬ 
eration  effects  acting  in  conjunction  with  the  momentum  (mass  X 

velocity)  normally  associated  with  bicycle  riding  give  this  activiw 

the  characteristic  feel.  This  property  of  the  nofll  activity  of 

cycle  tiding  work  is  well  reproduced  by  the  weighted  fly  wheel 
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in  the  stationary  exercise  performed  on  the  laboratory  bicycle 
ergometer. 

To  vary  the  work  load  of  the  subjects,  a  method  of  increasing 
the  friction  load  is  needed.  This  is  accomplished  through  a  brake 
principle.  In  its  simplest  form,  the  friction  brake  consists  of  a  belt 
of  wear-resistant  fabric  applied  to  the  surface  of  the  revolving  fly 
wheel  in  a  loop.  The  open  ends  of  the  loop  are  connected  by  cables 
and  suitably  arranged  pulleys  to  spring  dynamometers.  The  dyna¬ 
mometers  are  usually  attached  to  an  upright  supporting  frame 
beyond  the  handle  bars.  The  hooks  of  the  dynamometers  engage 
suitable  loops  in  the  cable  ends.  The  dynamometer  suspension 
ring,  in  turn,  is  fastened  to  the  supporting  frame  through  a  metal 
fitting  which,  by  suitable  adjustment,  can  be  made  to  apply  differ¬ 
ent  tensions  to  the  cable  and  hence,  through  the  fabric  brake,  to 
the  surface  of  the  fly  wheel.  The  tension  variation  fittings  may  be 
conveniently  improvised  from  Hargrave  I-bar  clamps  or,  some¬ 
what  less  conveniently,  from  C-clamps  in  which  the  swivel  screw 
has  a  run  of  approximately  8  in.  Ergometers  of  this  type  may  be 
constructed  by  any  machinist  of  average  skill.  The  weight  of  the 
fly  wheel  will  appear  to  be  the  most  indefinite  item.  This  weight 
should  be  determined  such  that  its  computed  momentum  for  a 
given  laboratory  pedal  speed  equals  the  momentum  represented 
by  a  subject  of  average  weight  and  a  bicycle  when  both  are  pro¬ 
pelled  at  comparable  pedal  speed,  using  the  gear  ratios  conven¬ 
tional  in  standard  single-speed  bicycles.  It  is  also  important  to  use 
dynamometers  of  good  quality,  preferably  calibrated  in  the  metiic 
system.  From  the  dynamometer  readings,  the  foice  applied  to  the 
wheel  may  be  known.  A  revolution  counter  provides  a  measure,  in 
conjunction  with  wheel  circumference,  of  the  distance  through 
which  the  force  acts.  The  work  accomplished  by  the  subject  is 
given  by  the  product  of  force  in  kilograms  times  the  distance  in 
meters.  The  resultant  product  in  the  work  unit,  kilogram-meters^ 
may  be  converted  to  metabolic  units  through  the  relation,  1  kg-caU 
426.5  kg-m.  This  early  type  of  ergometer  is  suitable  for  training 
purposes,  but  most  experimenters  will  probably  prefer  the  con¬ 
veniences  afforded  by  one  of  the  later  modifications. 

2.  Electro-magnetic  brake  bicycle  ergometer.- The  friction 
brake  ergometci-  described  in  (1)  is  the  simplest  device  of  this 
character  and  can  be  made  to  yield  satisfactory  measurements  The 
model  in  most  common  use,  however,  is  the  Krogh  modificatio  , 
distinguished  by  use  of  an  electromagnetic  brake  pnncip  e  (  )• 
Briefly  this  modification  substitutes  a  copper  wheel  for  the  iron 
or  steel  fly  wheel  described  in  (1).  To  attain  proper  inertial  chai- 
act eristics^  the  rim  of  the  copper  wheel  is  weighted  with  lead.  The 
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poles  of  an  electromagnet  positioned  near  the  rim  of  the  wheel  are 
energized  by  110  v  current.  A  variable  braking  effect  is  provided 
by  a  500  ohm  rheostat  connected  in  the  circuit.  An  illustration  of 
this  arrangement  is  available  in  Schneiders  text  (p.  41,  in  (10)), 
which  is  more  generally  available  than  the  original  reference. 

The  mounting  carrying  the  magnets  is  fabricated  with  a  counter¬ 
balance  arm  provided  with  a  weight  pan  and  can  be  rotated  around 
the  axis  of  the  fly  wheel.  When  the  ergometer  wheel  is  revolved 
the  brake  arm  tends  to  revolve  with  it,  and  this  effect  is  increased 
by  the  magnetic  forces  exerted  on  the  copper  disk  by  the  electro¬ 
magnets.  This  rotating  force  acting  on  the  brake  arm  may  be 
counterbalanced  by  weights  added  to  the  scale  pan.  The  weight 
acting  through  the  lever  arm  to  balance  the  rotation  can  be  calcu¬ 
lated  in  kilograms.  As  in  example  (1),  this  represents  the  force 
acting,  and  the  distance  through  which  it  acts  is  given  by  the 
circumference  of  the  wheel  and  the  number  of  wheel  revolutions. 
The  product  of  these  2  values,  in  kilogram-meters,  may  be  con¬ 
verted  into  metabolic  units  by  the  same  conversion  noted 
under  (1). 

3.  Recording  electrodynamic  brake  bicycle  ergometer.— "The 
most  advanced  model  of  the  bicycle  ergometer  principle  is  repre¬ 
sented  by  the  apparatus  developed  and  built  in  their  own  shop  at 
the  University  of  Wisconsin  by  Kelso  and  Hellebrandt  (7).  Al¬ 
though  considerably  more  complex  in  structure,  this  device  pro¬ 
vides  important  features  not  obtainable  in  either  of  th*e  simpler 
models  already  described.  In  addition  to  yielding  a  highly  reliable 
measure  of  work  done,  it  provides  a  graphic  record  of  the  con¬ 
stancy  of  work  output  and  the  speed  of  working. 

This  design  differs  from  the  simpler  models  in  that  the  load 
against  which  the  subject  works  is  provided  by  a  separately  excited 
d-c  generator.  The  bicycle  sprocket  is  directly  geared  to  the  gen¬ 
erator  sprocket.  A  fly  wheel  attached  to  the  generator  shaft  per¬ 
forms  the  same  function  in  maintaining  constant  speed  as  that 
perfoi  med  by  the  fly  wheel  in  the  older  ergometers. 

The  essential  components  of  the  apparatus  are  a  standard 
icycle  frame,  a  special  100  tooth  main  sprocket,  a  12  v  Dodee 
automobile  starter  (generator),  storage  battery,  load  resistor,  field 
control  reststor,  ammeter,  recording  voltmeter  and  electrical  revo- 
utton  counter.  The  mechanical  and  electrical  characteristics  of 

thf  Y0mpone/n_t,  P*rts  and  the  construction  plan  are  detailed  by 
the  designers  (7).  An  important  consideration  in  the  practical 

a»  myb,°vfon  iS  hrg0metCr  IV''6  mounting  of  th^ire 

assembly  on  a  heavy  metal  base  plate,  with  all  correlated  instru 

mental, on  supported  by  an  upright  pipe  trellis  provided  with 
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ample  tray  space  for  temporary  instrument  changes.  Six  rubber- 
tired  truck  casters  provide  convenient  mobility.  One  model  has 
given  several  thousand  hours  of  use  without  major  difficulties. 

The  principle  on  which  this  ergometer  operates  was  concisely 
stated  by  Kelso  and  Hellebrandt  (7).#  “The  principle  of  the  electro¬ 
dynamic  brake  resides  in  the  fact  that  a  separately  excited  direct 
current  generator  is  the  load.  When  a  generator  armature  is  rotated 
and  the  field  excited,  a  voltage  is  generated.  If  the  armature  is 
then  connected  to  a  resistor,  a  current  will  flow.  This  current 
reacting  against  the  field  magnetism  develops  a  counter  torque 
or  braking  effect.  The  work  done  in  unit  time  is  the  torque 
multiplied  by  the  distance  it  moves,  or  the  rate  of  work  in  watts 
is  the  generated  voltage  times  the  current  flowing.”  It  follows 
that  the  work  accomplished  on  this  ergometer  may  be  directly 
computed  from  time  of  work  and  the  readings  of  the  ammeter 
and  voltmeter.  Appropriate  conversion  is  easily  made  from  watts  to 
calorimetric  units. 

The  recording  voltmeter  which  enables  the  subject  to  monitor 
his  performance  at  any  predetermined  work  level,  and  at  the  same 
time  provides  a  continuous  graphic  record  of  success  in  maintain¬ 
ing  this  work  rate,  is  an  important  feature  of  the  apparatus.  In  the 
case  of  work  carried  to  exhaustion,  the  graphic  record  of  the  de¬ 
creasing  output  is  a  valuable  feature  not  easily  incorporated  in  the 
operation  of  the  simple  bicycle  ergometers. 

The  voltmeter  used  is  a  15  v  graphic  recording  type  with  chart 
speeds  of  3  in./min  and  3  in./hr.  In  researches  on  thermal  physiol¬ 
ogy  by  the  author  and  colleagues  (11)  at  the  John  B.  Pierce  Lab¬ 
oratory  of  Hygiene,  this  voltmeter  was  calibrated  in  terms  of 
multiples  of  the  resting  standard  metabolism  now  often  referred 
to  as  met  units  (4).  The  wiring  diagrams  and  calibration  pio- 
cedures  necessary  for  the  construction  and  use  of  this  ergometer 
have  been  published  in  detail  by  the  designers,  and  further  com¬ 
ment  is  not  needed  here. 

PROCEDURE 

In  most  experimental  applications  of  the  bicycle  ergometer  the 
difficulties  experienced  are  associated  with  the  accessory  pioce- 
dures  rather  than  the  ergometric  technique  itself,  and  the  most 
usual  difficulty  is  the  frequent  incompatibility  of  a  routine  o 
vigorous  exercise  with  instrumental  problems  involved  in  the 
accessory  measurements.  Insofar  as  the  work  measurement  use 
is  concerned,  the  most  important  point  is  accurate  conversion  o 

•See  Figure  1  in  reference  (7)  for  illustration  of  the  assembled  ergometer 
with  detailed  component  parts. 
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the  ergometer  data  to  work  or  thermal  units.  Where  calorimetric 
balances  are  made  by  either  direct  calorimetry  (3)  or  partitional 
calorimetry  (11),  it  is  necessary  to  remember  that  the  physical  heat 
which  must  be  accounted  for  as  a  direct  loss  from  the  subject  is  less 
than  the  total  metabolism  by  an  amount  equal  to  the  external 
work  accomplished. 

In  setting  of  work  loads  it  is  important  to  remember  that  equal 
external  work  may  be  accomplished  with  various  combinations  of 
ergometer  resistance  and  speed  of  work.  Subject  tolerance  for 
a  given  work  total  varies  considerably  with  the  relation  of  load 
to  rate  of  work.  In  general,  total  work  tolerance  decreases  as  com¬ 
binations  approach  the  conditions  of  static  work.  In  preparing  an 
ergometer  for  an  experimental  study  it  is  highly  desirable  to  carry 
out  preliminary  studies  in  which  systematic  variation  of  load  and 
speed  of  work  are  used  to  establish  these  relationships.  Table  1 
shows  data  of  this  character  for  the  Kelso-Hellebrandt  ergometer 
reproduced  from  the  publication  (7). 


TABLE  L— Rate  of  Working  and  Speed  of  Pedaling  under  Various  Condi¬ 
tions  of  Field  Current  and  Load  Terminal  Voltage* 


LOAD  TERMINAL 

VOLTAGE 

RATE  OF 
WORKING, 

kc-m/min 

SPEED  OF  PEDALING  AT  VARIOUS  FIELD  CURRENTS,  RPM 

2  Amp 

3  Amp 

4  Amp 

5  Amp 

6  Amp 

7  Amp 

2 

167 

40 

32 

26 

23 

20 

19 

3 

309 

60 

45 

36 

32 

28 

25 

4 

501 

78 

59 

49 

41 

38 

34 

5 

740 

104 

73 

58 

50 

47 

43 

6 

1031 

124 

88 

72 

60 

55 

51 

7 

1366 

104 

84 

74 

64 

60 

8 

1749 

120 

98 

84 

72 

68 

*For  a  load  resistance  of  0.286. 


The  most  seiious  occupational  diseases  of  subjects  exercising 
on  bicycle  ergometers  in  a  prolonged  series  of  daily  tests  are  but- 
tock  and  inner  thigh  dermatitis  and  foot  pain  in  the  general  area 
of  the  proximal  articulations  of  the  metatarsals.  Either  condition 
may  effectively  interrupt  a  carefully  planned  experimental  sched¬ 
ule.  Application  of  lanolin  to  skin  areas  subject  to  pressure  and 
fiiction  before  exercise  is  useful  in  preventing  skin  irritation.  Foot 
pain  is  less  common  and  has  been  noted  principally  after  heavy 
work  carried  out  against  high  resistance,  i.e.,  at  a  low  work  speed 
toot  pain  has  been  noted  especially  when  this  type  of  work  is  done 
wit  1  oot  §eai-  This  difficulty  is  seldom  experienced  when 
subjects  wear  more  substantial  shoes.  Army  shoes  of  the  held  type 
issue,  well  broken  in,  are  perhaps  the  best  choice. 
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Calibration  —  No  difficult  problems  are  presented  in  the  calibra¬ 
tion  of  any  of  the  bicycle  ergometers  described  here.  Well  estab¬ 
lished  physical  principles  permit  direct  conversion  of  work  units 
to  calorimetric  units;  the  method  of  computing  the  standard  kilo¬ 
gram-meter  work  unit  from  force  and  distance  factors  is  indicated 
in  the  foregoing  discussions  of  friction  brake  and  electromagnetic 
brake  models.  Further  reference  may  be  made  to  Krogh  (8).  In 
these  circumstances  the  validity  of  the  work  measurement  is  pri¬ 
marily  influenced  by  the  accuracy  of  physical  dimensions  in  the 
apparatus,  and  the  manufacturer’s  calibration  of  the  dynamom¬ 
eters  and  standard  metric  weights.^ 

In  the  Kelso-Hellebrandt  apparatus  the  accuracy  of  the  work 
measurement  is  not  dependent  on  the  measurement  of  mechanical 
factors  of  wheel  speed,  wheel  circumference,  spring  tension  or 
calibrated  weights,  but  is  given  in  electrical  terms.  Instruments 
commonly  available  measure  the  required  factors  of  voltage,  am¬ 
perage  and  time  with  a  high  degree  of  precision,  and  the  validity 
of  the  measurement  is  guaranteed  by  the  fact  that  the  brake 
principle  employed  has  been  proved  by  long  established  engi¬ 
neering  use.  If  the  electrical  and  mechanical  interconnections  of 
the  primary  units  listed  in  the  previous  description  ol  this  appa¬ 
ratus  are  made  in  accordance  with  the  circuit  diagram  given  in  the 
original  report  (7),  the  validity  of  the  work  measurement  can  be 
accepted  with  confidence.  I  he  magnitudes  of  stray  power  losses, 
armature  losses  and  brush  drop  losses  have  been  carefully  investi¬ 
gated  by  the  designers,  and  these  errors  are  very  small  and  of  no 
consequence  in  the  physiologic  use  of  the  instruments. 

Evaluation.- The  bicycle  ergometer  needs  no  defense  as  a  test 
procedure  in  that  its  primary  function  is  to  provide  a  physical 
measurement  of  work  output.  It  accomplishes  this  aim  over  a 
range  of  human  power  outputs  in  which  the  associated  metabolic 
costs  may  vary  from  1 1/£  to  at  ^east  ^5  times  the  resting  metabolic 
rate.  Obviously  at  very  high  rates  of  work  the  work  time  prior  to 
exhaustion  is  extremely  short,  and  in  the  case  of  the  approximate 
limiting  value  of  55  already  cited,  this  extreme  work  rate  could  be 
maintained  for  only  22  sec.  In  contrast  to  this  extreme,  work  asso¬ 
ciated  with  metabolic  rates  6-7  times  resting  values  may  be  main¬ 
tained  on  the  ergometer  by  trained  subjects  for  4-5  hr. 

Table  2,  reproduced  from  Winslow  and  Herrington  (11),  illus¬ 
trates  the  interrelation  of  work  rate  to  period  of  exhaustion.  Com¬ 
paring  Benedict  and  Henderson,  an  approximate  doubling  of 
metabolic  rate  decreased  the  time  limit  in  associated  work  to 

fjohn  Chltillon  &  Sons,  90  Cliff  St.,  New  York. 
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about  y12  of  its  Benedict  value.  Comparing  Henderson  and  Niel¬ 
sen,  a  further  tripling  of  metabolic  rate  decreased  the  period  of 
endurance  to  of  the  Henderson  figure.  It  is  to  be  remembered, 
of  course,  that  the  external  work  accomplished  is  only  a  fraction 


TABLE  2.— Interrelation  of  Work  Rate  and  Period  of  Exhaustion 


Metabolism, 
Cal/ Hr 


Period  of 

Exhaustion,  Hr 

4.367 

0.367 

0.006 


526 

1230 

3930 


Benedict  and  Cathcart  (1) 
Henderson  and  Haggard  (5) 
Nielsen  (9) 


of  the  indicated  total  metabolic  costs.  In  bicycle  ergometry  this 
fraction  is  of  the  order  of  20-30%  and  is  referred  to  as  the 
efficiency  of  work.  Adequate  discussion  of  this  point  is  given  by 
Schneider  (10). 

Familiarity  with  the  range  of  human  power  outputs  and  the 
approximate  exhaustion  times  is  an  important  element  in  deter¬ 
mining  appropriate  work  schedules  on  any  of  the  many  problems 
to  which  ergometric  methods  may  be  applied.  Historically,  the 
apparatus  has  been  most  frequently  used  in  connection  with 
studies  on  human  calorimetry.  This  literature  is  too  extensive  to 
cite,  but  reference  to  the  collected  publications  of  the  Nutrition 
Laboratory  of  the  Carnegie  Institution  of  Washington  (1)  or  to 
the  survey  by  DuBois  (3),  will  afford  a  guide  to  this  type  of  applica¬ 
tion.  More  recently,  use  of  the  technique  has  been  emphasized 
in  studies  on  normal  cardiovascular  and  respiratory  physiology 
during  exercise  (10).  Dill  (2)  made  important  use  of  the  technique 
m  environmental  physiology,  most  frequently  through  analyses  of 
the  differential  physiologic  adjustments  required  by  a  standard 
work  rate  when  alterations  in  atmospheric  pressure,  thermal  stress 
and  similar  factors  stress  particular  physiologic  functions.  Nielsen 
(9)  and  other  members  of  the  Krogh  group  have  applied  the  tech¬ 
nique  to  a  study  of  human  temperature  regulation,  and  Herring¬ 
ton  (6)  reviewed  a  number  of  studies  in  which  the  temperature 
regulation  function  has  been  investigated  using  this  work  tech¬ 


nique. 
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Comment  by  David  B.  Dill 

The  reviewer  agrees  with  the  author’s  presentation.  The  following  com¬ 
ments  have  to  do  with  the  merits,  under  certain  conditions,  of  the  treadmill. 
Its  adoption  in  the  Harvard  Fatigue  Laboratory  grew  out  of  the  observation 
that  metabolic  rates  attainable  by  their  subjects  on  the  bicycle  ergometer 
were  lower  than  those  reported  by  workers  in  Krogh’s  laboratory.  It  seemed 
likely  that  this  related  to  the  national  habit  of  bicycle  riding  in  Denmark; 
Danes  ride  bicycles  from  childhood  to  old  age,  whereas  Americans  rarely 
ride  bicycles  after  childhood. 

It  was  found  that  Americans  could  attain  higher  metabolic  rates  on  the 
treadmill  than  on  the  bicycle  ergometer.  The  difference  was  as  much  as 
10-20%  and  was  associated  with  higher  pulse  rates  and  higher  pulmonary 
ventilation.  The  picture  in  exhaustion  was  generally  different,  appearing  to 
be  failure  of  local  muscle  groups  on  the  ergometer  and  of  the  respiratory- 
circulatory  system  as  a  whole  on  the  treadmill.  This  difference  is  not  suffi¬ 
ciently  supported  by  experiment  to  justify  a  quantitative  description.  It 
would  form  an  interesting  subject  for  investigation;  i.e.,  to  what  extent  is 
the  working  capacity  on  the  ergometer  influenced  by  bicycle  riding  experi¬ 
ence?  How  does  the  picture  of  exhaustion  on  the  ergometer  vary  with  the 
amount  of  bicycle  riding  experience?  How  does  the  reaction  to  sustained 
maximal  work  on  the  treadmill  differ  from  that  observed  on  the  ergometer? 

The  use  of  the  treadmill  in  applied  physiologic  studies  during  the  war 
proved  its  great  value  in  assessing  the  soldier’s  clothing.  The  treadmills  used 
at  the  Fatigue  Laboratory,  the  QMC  Climatic  Research  Laboratory  and 
the  University  of  Indiana  accommodated  two  men.  An  experiment  with  all 
factors  alike  except  the  subject  and  the  item  of  clothing  was  conducted. 
Then  a  paired  experiment,  exchanging  the  item,  followed.  In  this  way, 
valid  results  could  be  obtained  on  relatively  few  subjects.  By  varying  rate, 
pitch,  duration  and  load  carried,  nearly  the  whole  gamut  of  the  foot- 
soldier’s  activities  could  be  covered.  In  this  respect,  the  treadmill  is  an 
indispensable  tool. 

Unfortunately  it  is  not  possible  to  refer  to  any  description  of  a  treadmill 
that  would  enable  a  machine  shop  to  construct  one  of  good  design.  A  satis¬ 
factory,  though  expensive,  model  has  been  manufactured  by  A.  R.  Y  oung, 
635  N  Pennsylvania  Street,  Indianapolis  4,  Ind.  Blueprints  of  a  large, 
expensive,  but  successful  unit  can  be  obtained  from  Dr.  Ancel  Keys,  Uni¬ 
versity  of  Minnesota,  Minneapolis.  A  simpler,  much  less  expensive  unit  has 
been  built  by  Duke  University;  Dr.  F.  G.  Hall  will  supply  details. 
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Simultaneous  Right-  and  Left-Hand  Grip 


WALTER  R.  MILES 


Strength  of  grip  has  been  one  of  the  most  widely  used  psycho¬ 
motor  tests.  It  is  simple  to  apply,  of  short  duration  and  calls  forth 
good  effort  from  subjects  if  not  repeated  too  often.  No  one  is  likely 
to  overstrain  himself  on  the  hand  dynamometer  and  clinical 
patients,  as  their  condition  improves,  are  gratified  by  being  able 
to  improve  their  scores. 

Several  types  of  instruments  have  been  developed  and  used.  The 
most  widely  approved  and  adaptable  form  appears  to  be  the 
Smedley  type  in  which  the  grip  is  exerted  against  the  tension  of  a 
coil  spring.*  The  over-all  distance  to  be  spanned  between  the  base 
of  the  thumb  and  the  fingers  is  adjustable  between  3  and  6  cm,  as 
indicated  on  a  scale.  This  instrument,  made  mostly  of  aluminum, 
has  a  circular  dial  14.5  cm  in  diameter  and  is  calibrated  in  kilo¬ 
grams  from  0  to  100.  The  scale  may  be  read  to  half-kilograms, 
and  the  investigator  may  easily  check  the  calibration  by  hanging 
known  weights  on  the  inner  movable  stirrup  at  the  position 
pressed  on  by  the  fingers.  There  is  a  pneumatic  piston  by  means 
of  which  a  graphic  record  may  be  made  with  accessory  equipment. 


APPARATUS  AND  PROCEDURE 

The  Smedley  hand  dynamometer  has  usually  been  employed  as  a 
single  unit  first  in  1  hand  and  then  in  the  other.  It  is  recommended 
here  that  the  investigator  secure  2  dynamometers  and  fasten  them 
together  back  to  back  as  a  double  unit  for  use  by  both  hands  at 
the  same  time.f  The  2  instruments  may  be  readily  and  rigidly 
joined  by  means  of  2  metal  plates  about  5  X  7  cm  attached  with 
screws  to  the  sides  of  the  aluminum  housings  enclosing  the  coil 
springs.  If  desired,  the  joining  can  be  so  arranged  as  to  retain  t  e 
feature  of  adjustability  between  the  stirrup  and  handle  of  each 

unit. 

ogist.  Dr.  Franklin  S.  Fearing. 
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In  testing,  the  subject  holds  the  double  instrument  at  waist  level 
with  the  arms  flexed  at  the  elbows  and  turned  inward  so  that  the 
actions  of  the  fingers  of  right  and  left  hands  are  opposed  in  direc¬ 
tion.  The  instructions  are  simple:  “Don’t  push  or  pull,  but  just 
squeeze,  as  hard  as  you  can,  with  both  hands  at  once,  then  pass 
the  instrument  back  to  me.”  The  observer,  facing  the  subject, 
will  need  to  be  alert  not  to  confuse  right-  and  left-hand  scores 
when  recording  the  results.  He  will  also  be  careful  to  avoid  paral¬ 
lax  error  when  reading  the  position  of  the  index  over  the  scale. 
The  handedness  preference  or  habit  should  be  entered  in  the 
record  together  with  sex,  age  and  other  pertinent  items.  After  an 
interval  of  1  or  2  min  the  test  should  be  repeated  once,  not  more, 
as  a  rule.  This  will  provide  the  opportunity  for  calculating  a  reli¬ 
ability  coefficient. 


Evaluation.— The  simultaneous  test  of  grip  strength  in  both 
hands  offers  advantages  over  single-handed  efforts.  The  task  is 
symmetrical  for  both  sides  of  the  body.  The  position  for  the  hands 
is  made  more  uniform  from  subject  to  subject  and  is  favorable  for 
strong  grip  effort.  The  separate  scores  for  the  2  hands  are  made 
more  logically  comparable.  Handedness  differences  are  more 
naturally  and  clearly  revealed.  The  subject’s  efforts  tend  to  be  less 
prolonged.  He  indulges  in  fewer  bodily  contortions.  He  is  less 
i-C  ^  u°  bruise  or  strain  his  hands  or  have  the  instrument  turn  or 
slip  while  squeezing  it.  Finally,  the  simultaneous  method  econo¬ 
mizes  the  investigator’s  time. 


TABLE  1,  Test-Retest  Reliability  of  Simultaneous  Grip  Test 

Men,  N  —  604,  age  range  25-89 
1st  and  2d  trials  with  dominant  hand,  r  —  0  85  -+-  0  0076 
1st  and  2d  trials  with  subordinate  hand.Vi  0  8?I  0  0076 

Women,  N  —  553,  age  range  25-89 

w  an^o24d  tr‘alS  W‘th  dominant  hand,  r  =  0  87  -+-  0  007 
lst  and  2d  ‘™ls  subordinate  hand,  r  =  0  87  ±  0  007 

stitt  s*  - 

t  r  r~r.  i  <ii r  v- 

h-gh  school,  college  and  superior  college  education5'  ’ 

sented  about  equally.  g  education  were  repre- 
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TABLE  2.— Norms  for  Simultaneous  Grip  Test* 


Age, 

Semi¬ 

decades 

No. 

Men 

:  ScpRES  IN 
1st  Trial 
Dom.  Sub. 

Kg 

2d 

Dom. 

Trial 

Sub. 

No. 

Women:  Scores  in  Kg 
1st  Trial  2d 
Dom.  Sub.  Dom. 

Trial 

Sub. 

25-29 

64 

Av 

43.2 

35.6 

43.9 

36.1 

58 

Av 

29.1 

24.1 

30.0 

24.8 

SD 

4.1 

4.8 

3.3 

4.2 

SD 

6.7 

5.3 

6.4 

5.5 

30-34 

80 

Av 

44.2 

35.6 

44.4 

36.1 

59 

Av 

28.0 

23.3 

29.2 

24.3 

SD 

4.1 

4.2 

4.1 

4.6 

SD 

5.7 

4.3 

5.8 

5.0 

35-39 

85 

Av 

43.6 

35.9 

44.0 

36.6 

65 

Av 

27.5 

23.0 

29.4 

24.2 

SD 

4.1 

4.0 

4.3 

4.0 

SD 

5.4 

4.8 

6.4 

5.3 

40-44 

88 

Av 

42.4 

34.9 

43.6 

34.5 

67 

Av 

27.4 

22.0 

29.1 

23.0 

SD 

6.0 

5.7 

6.0 

5.6 

SD 

5.8 

5.2 

5.7 

5.2 

45-49 

55 

Av 

42.4 

34.4 

43.7 

35.6 

57 

Av 

27.5 

21.9 

28.3 

22.6 

SD 

4.5 

4.9 

4.0 

4.4 

SD 

6.7 

5.0 

6.6 

5.2 

50-54 

63 

Av 

40.7 

33.0 

41.8 

33.4 

58 

Av 

22.9 

20.1 

25.0 

20.6 

SD 

5.7 

5.0 

5.1 

4.8 

SD 

5.3 

4.5 

5.8 

4.1 

55-59 

48 

Av 

38.9 

33.8 

40.0 

34.1 

54 

Av 

22.5 

18.0 

24.6 

19.6 

SD 

5.6 

5.5 

5.6 

4.2 

SD 

4.8 

4.1 

5.7 

5.1 

60-64 

36 

Av 

38.7 

30.6 

40.4 

31.7 

59 

Av 

21.1 

16.4 

22.2 

17.3 

SD 

6.0 

5.6 

5.6 

5.7 

SD 

4.8 

4.4 

4.8 

4.3 

65-69 

38 

Av 

36.9 

28.1 

38.2 

29.6 

51 

Av 

19.7 

15.6 

21.2 

17.1 

SD 

7.7 

6.5 

8.0 

6.8 

SD 

5.1 

4.0 

5.3 

4.5 

70-74 

29 

Av 

35.3 

28.4 

36.2 

28.0 

41 

Av 

16.5 

13.1 

18.0 

14.3 

SD 

7.8 

6.8 

8.4 

7.4 

SD 

5.4 

3.3 

5.3 

3.6 

75-79 

12 

Av 

35.1 

26.2 

34.5 

26.7 

19 

Av 

17.3 

13.9 

17.9 

14.3 

SD 

8.5 

6.6 

7.9 

6.7 

SD 

4.7 

3.7 

5.0 

3.6 

80-84 

10 

Av 

28.9 

19.8 

30.5 

23.0 

9 

Av 

12.8 

11.4 

12.2 

10.9 

SD 

7.3 

4.7 

6.9 

5.4 

SD 

2.7 

3.8 

2.4 

5.6 

85-89 

5 

Av 

25.2 

22.2 

22.0 

19.3 

5 

Av 

12.4 

10.2 

14.6 

10.3 

SD 

8.9 

7.9 

10.6 

4.4 

SD 

3.5 

2.0 

3.8 

2.1 

"The  spanned  distance  was  set  at  6  cm  for  both  hands  and  for  all  cases. 


To  serve  as  norms  against  which  new  results  may  be  compaied, 
the  semidecade  means  and  standard  deviations  aie  given  in  Table 
2  for  men  and  women  separately.  The  table  is  arranged  to  show 
the  means  for  1st  and  2d  trials  and  for  dominant  (right-  or  left- 
handedness)  and  subordinate  hands.  These  test  results,  for  which 
the  writer  is  responsible,  have  not  previously  appeared  in  print. 


Static  Equilibrium 

WALTER  R.  MILES 


Marked  unsteadiness  of  motor  control  in  the  standing  posture 
is  usually  considered  a  sign  of  disease  or  disordered  function. 
Some  form  of  test  of  ability  to  stand  quietly  is  ordinarily  included 
in  neurologic  examinations.  Romberg  (16)  in  his  classic  study  of 
tabes  dorsalis  called  attention  to  the  inability  of  his  patients  to 
stand  securely  with  feet  together  and  with  eyes  closed.  Mitchell 
(15)  was  among  the  first  to  make  the  static  equilibrium  test 
numerically  accurate  and  objective.  By  placing  subjects  in  front 
of  and  near  a  horizontal  scale,  graduated  in  inches,  and  observ¬ 
ing  them  from  a  distance  of  about  10  ft,  he  found  that  in  healthy 
subjects  standing  with  the  eyes  closed  the  amplitude  of  the 
anterior-posterior  movements  was  about  1  in.,  while  the  lateral 
sway  covered  about  i/2  in-  Larger  values  than  these  were  regarded 
by  him  and  his  workers  as  suspicious.  Hinsdale  (9,  10),  working 
in  Mitchell’s  clinic,  made  graphic  tracings  of  station  by  attaching 
a  cardboard  covered  with  smoked  paper  to  the  subject’s  head  and 
having  him  stand  under  a  tracing  point  that  was  free  to  move  up 
and  down  in  a  fixed  line.  This  method  or  some  slight  variation 
of  it  has  been  widely  used  on  both  normal  and  pathologic  sub¬ 
jects.  The  equipment  for  taking  such  a  tracing  of  static  equilib¬ 
rium  has  commonly  borne  the  name  “ataxiagraph.”  Aside  from 
its  applications  to  clinical  patients  and  to  subjects  under  some 
form  of  stress,  it  has  been  used  in  studies  of  motor  ability  in  chil¬ 
dren,  on  the  mentally  defective  and  in  studies  on  military  per¬ 
sonnel  carrying  packs,  standing  at  attention  and  in  marksman¬ 
ship.  During  World  War  I,  static  equilibrium  was  regarded  as  a 
useful  test  in  selecting  prospective  aviators.  More  recently,  Helle- 
randt  (7,  8)  and  Kelso  (11)  and  their  associates  have  given  atten¬ 
tion  to  this  psychomotor  function  in  connection  with  their  studies 
on  the  center  of  weight  and  the  base  of  support  in  stance.  Fearing 
(6)  worked  out  the  course  of  the  nerve  tracts  leading  to  the  equi- 
libratory  response  as  dependent  on  afferent  impulses  from  muscles 
and  joints  and  also  as  dependent  on  the  vestibular  system.  The 
a  erent  paths  from  the  muscles  and  joints,  particularly  from  the 
lower  limbs  during  the  station  test,  seem  more  susceptible  to 
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cortical  influences  than  does  the  vestibular  system.  The  test  as 
usually  given  is  regarded  as  a  measurement  of  motor  control 
mediated  by  kinesthetic  and  tactual  stimulations. 

Graphic  records  of  standing  steadiness  recorded  from  the  vertex 
of  the  subject's  head  theoretically  provide:  (a)  extreme  scatter  or 
range  of  area  covered;  (b)  length  of  path  traversed,  and  (c)  number 
of  movements,  or  oscillatory  rate  of  movement.  Practically,  such 
records  are  so  complicated  that  the  oscillatory  rate  and  the  total 
length  of  path  traced  cannot  be  satisfactorily  measured.  Investi¬ 
gators  usually  content  themselves  with  measuring  the  extreme 
range  of  the  anterior-posterior  axis  and  of  the  transverse  axis. 
Inspection  of  graphic  sway  records  usually  shows  that  most  of  the 
movements  occur  within  an  area  much  smaller  than  the  extreme 
range  in  either  axis.  Another  objection  to  this  type  of  recording  is 
that  the  friction  between  the  stylus  and  the  recording  surface  is  very 
apt  to  produce  some  noise,  thus  affording  secondary  cues  to  the  sub¬ 
ject.  Therefore,  some  mechanical  means  for  automatically  sum¬ 
ming  up  all  movements  of  whatever  size  in  terms  of  their  anterior- 
posterior  and  lateral  components  would  appear  to  be  the  more 
desirable  measuring  apparatus  for  studies  on  static  equilibrium. 


APPARATUS 


An  apparatus,  called  the  ataxiameter,  consists  of  a  wooden  frame 
61  cm  square  in  outside  dimensions  and  adjustable  vertically 
according  to  the  height  of  the  subject  to  be  tested  (13,  14).  A 
movement  adder  which  turns  only  in  1  direction  is  located  at  each 
of  the  4  corners.  The  subject  stands  with  his  head  at  the  center  of 
the  wooden  frame  facing  1  of  the  adders.  From  a  simple  helmet 
worn  on  the  head,  4  silk  threads  extend  to  the  4  cornets  of  the 


frame.  These  threads,  kept  taut  by  5  g  weights  at  their  ends,  rest 
in  grooves  formed  in  the  edges  of  aluminum  pulleys  of  the  move¬ 
ment  adders.  Any  movement  of  the  subject  s  head  turns  1  or  more 
of  the  adders.  These  are  calibrated  so  that  the  number  of  milli¬ 
meters  of  movement  during  a  given  period  may  be  read  off  directly 
from  the  4  scales.  In  the  diagram  of  the  apparatus  (Fig.  1),  A  is  a 
schematic  top  elevation;  B  shows  a  lateral  sectional  elevation, 
illustrating  1  of  the  movement  adders  and  also  an  arrangement 
for  making  supplementary  graphic  records  when  desired  In  C, 
an  end  elevation  of  1  of  the  movement  adders  is  illustrated.  (For 
other  types  of  apparatus,  see  references  (1 1)  and  (17). 

In  the  design  of  this  apparatus,  special  attention  has  been  given 
to  the  avoidance  of  auditory  cues.  The  shaft  of  each  work  adder 
carries  2  aluminum  wheels  both  securely  fastened  to  it.  The  small 
grooved  wheel  has  a  circumference  of  360  mm  measured  at  e 
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F,  F,  clamps,  G,  G,  rods  to  support  frame  L,  with  smoked  paper  H  kept  taut  by  K,  K,  M,  slot  in  L  to  allow  horizontal  move¬ 
ment  and  vertical  position  (see  dotted  line  in  A);  N,  headpiece;  O,  curved  bar  for  adjustment  of  stud  P  to  receive  the  collar 
Q,  carrying  writing  point  V;  J,T,  support  for  pulley  unit  S,  U;  W,  reading  index;  R,  5  g  weight  on  silk  cord;  Z,  revolution 
counter;  X ,  accumulating  pawl;  X',  locking  pawl;  Y ,  weight  to  release  locking  pawls. 
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bottom  of  the  groove.  T  he  silk  thread  communicating  with  the 
helmet  rests  in  this  groove.  The  larger  thin  aluminum  wheel  has 
a  diameter  of  85  mm  and  its  peripheral  edge  is  knurled.  The  pawls 
acting  against  this  knurled  edge  will  produce  auditory  cues.  There¬ 
fore  a  3  in.  rubber  band,  im  wide,  is  stretched  around  the 
periphery  of  this  wheel  so  that  the  action  of  the  pawls  will  be 
noiseless.  This  arrangement  forces  the  subject  to  rely  wholly  on 
his  kinesthetic  and  tactual  sensations  in  controlling  his  posture. 
Paper  protractors  graduated  in  360°  attached  to  the  4  larger 
wheels  and  index  points  attached  to  the  frame  of  each  work  adder 
provide  the  scale  mechanisms  for  reading  off  the  number  of  milli¬ 
meters  of  movement,  forward,  backward,  to  the  right  and  to  the 
left.* 

TEST  PROCEDURE 

A  standard  technique  for  the  static  equilibrium  test  may  be  as 
follows,  (a)  Zeroize  the  movement  adders  after  noting  that  they 
work  freely  and  without  noise,  (b)  Adjust  and  clamp  the  frame  at 
the  appropriate  height  for  the  subject,  (c)  Instruct  the  subject  that 
he  is  to  stand  comfortably,  relaxed,  bearing  his  weight  equally  on 
both  feet,  with  as  little  swaying  as  possible,  while  his  eyes  are 
tightly  closed  for  2  min.  Assure  him  that  no  surprise  stimuli  will 
be  given  and  that  he  will  be  told  when  to  “start”  and  “stop.”  (d) 
The  subject,  wearing  his  usual  shoes,  steps  into  marked  positions 
on  the  floor,  places  his  heels  together  and  shoes  at  an  angle  of  45° 
against  a  wedge  which  the  experimenter  then  withdraws,  (e)  Ad¬ 
just  the  helmet  for  comfort  and  with  the  stud  vertical  above  the 
vertex,  then  attach  the  collar  connecting  the  subject  to  the  move¬ 
ment  adders,  (f)  After  a  few  seconds  during  which  the  subject  with 
eyes  open  becomes  adjusted,  tell  him  to  close  his  eyes  and  to  count 
silently,  then  at  the  same  moment  of  starting  the  stop  watch 
release  the  weight  that  frees  all  4  adders  from  their  locking  pawls. 
(g)  During  the  test  do  not  walk  around  the  subject  or  otherwise 
distract  him.  (h)  As  the  end  of  the  test  period  approaches,  quietly 
make  ready  to  lift  the  weight  and  lock  the  adders  at  the  termina¬ 
tion  of  120  sec.  (i)  Tell  the  subject  to  open  his  eyes,  disconnect 
him,  assure  him  that  he  “did  quite  nicely,”  have  him  sit  down 
while  the  score  is  recorded  and  ask  him  for  his  subjective  obsei\a 

tions. 

Factors  influencing  static  equilibrium.-Aside  from  pathologic 
conditions  or  experimental  stress  which  an  investigator  may  intro¬ 
duce,  ability  to  stand  motionless  is  somewhat  influenced  by  ana- 

•This  apparatus  was  constructed  by  the  Warren  E.  Collins  Company,  584 
Huntington  Ave.,  Boston. 
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tomic  factors,  at  times  by  respiration  and  heart  beat,  by  the  posi¬ 
tion  of  the  feet,  by  footwear,  height,  weight,  age  and  psychic 
factors.  Whether  or  not  the  subject  has  his  eyes  open  or  closed  is 
an  important  consideration. 

The  human  body  tends  to  be  symmetrically  disposed  on  either 
side  of  the  sagittal  plane,  but  asymmetrical  as  regards  the  coronal 
plane,  which  largely  accounts  for  its  possessing  greater  lateral  than 
anterior-posterior  stability.  The  various  segments  are  fairly  well 
lined  up,  for  comfortable  erect  posture,  with  centers  of  gravity 
above  each  other  until  one  reaches  the  bearing  point  at  the  ankle 
joint,  which  is  about  5  cm  behind  the  coronal  plane  (1,  12).  Conse¬ 
quently,  the  location  of  greatest  tension  tends  to  be  in  the  leg, 
and  it  is  chiefly  the  soleus  muscles  which  keep  the  body  from 
falling  forward.  Investigators  agree  that  normally  the  anterior- 
posterior  sway  exceeds  the  transverse  sway.  The  position  of  the 
head  at  the  end  of  a  test  trial  is  almost  always  definitely  in  front 
of  the  starting  position.  The  soleus  muscles  and  also  trunk  muscles 
relax  gradually  during  the  test,  allowing  the  total  center  of  gravity 
to  shift  forward  toward  the  ball  of  the  foot. 


The  position  of  the  feet  is  a  matter  of  some  consequence  and 
should  be  standardized  in  any  series  of  observations  intended  to 
yield  critical  comparisons  (3,  13).  The  standard  Romberg  posi¬ 
tion,  with  the  insides  of  the  feet  or  shoes  touching  each  other, 
tends  to  maximize  the  sway.  The  score  approximates  its  smallest 
values  when  the  feet  are  several  inches  apart.  The  compromise 
of  placing  the  feet  in  a  \  position  with  heels  touching  and  the 
inside  lines  spread  at  an  angle  of  45°  is  a  practical  testing  position 
for  routine  use.  Although  not  the  most  stable  base,  it  is  agreeable 
to  the  subjects  since  it  does  not  seem  to  place  them  at  a  disadvan¬ 
tage  in  the  test.  Subjects  working  under  stress  or  pathologic  condi¬ 
tions,  when  their  margin  for  test  co-operation  is  reduced,  are  often 
annoyed  by  having  to  do  tests  the  hard  way. 

Sensations  arising  from  changes  of  pressure  on  different  parts 
of  the  soles  of  the  feet  and  from  strain  in  the  feet  are  useful  in 
controlling  equilibrium.  Since  it  is  customary  for  adults  to  wear 
shoes,  the  station  test  score  is  usually  better  by  15-25%  when  the 
subjects  are  shod  than  when  they  stand  barefooted.  The  factor  of 
habituation  to  shoes  aids  most  subjects  more  than  the  increased 
base  present  when  the  feet  are  bare.  Tests  on  an  artist's  model 
ccustomed  to  posing  m  bare  feet  gave  a  score  increase  of  35<y 
ver  tests  made  when  wearing  her  usual  shoes.  A  subject  should 
wear  the  same  shoes,  or  type  of  shoes,  in  successive  tests  s  ' ‘ 
with  extremely  high  heels  do  not  significantly  affect  the  location 
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of  the  center  of  weight  in  respect  to  the  base  of  support,  but  pos¬ 
tural  sway  is  considerably  increased  (7). 

Taller  and  heavier  subjects  tend  to  show  somewhat  greater 
unsteadiness  at  the  vertex.  Available  data  indicate  that  in  adults 
the  factor  of  height  appears  to  exert  more  influence  than  weight 
in  the  ratio  of  about  4:1.  Although  children  are  shorter  than 
adults,  it  has  usually  been  found  that  they  sway  more  than  adults. 
Girls  sway  less  than  boys  by  about  10%.  In  the  middle  range  of 
ages  in  adults,  the  age  effect  and  the  effect  of  practice  are  both 
small.  In  line  with  other  measurements,  it  is  to  be  expected  that 
the  scores  for  old  adults  will  show  increases  over  general  adult 
averages. 

The  factor  of  vision  is  quite  important  in  the  test  of  sway  (13). 
With  the  eyes  open  the  subject  tends  to  correct  or  check  par¬ 
ticularly  his  lateral  deviations.  Carefully  conducted  tests  with 
eyes  open  and  eyes  shut  on  practiced  subjects  have  shown  a  larger 
score  (less  steadiness)  of  50%  or  more  when  the  eyes  are  closed. 


TABLE  1.— Influence  of  Vision  on  Station  as  Measured  by  Ataxiameter 

on  a  Well  Practiced  Subject 


Direction 

op 

Movement 

1 

Eyes 

Open, 

Mm 

2 

Eyes 

Shut, 

Mm 

3 

Eyes 

Open, 

Mm 

4 

Eyes 

Shut, 

Mm 

5 

Eyes 

Open, 

Mm 

6 

Eyes 

Shut, 

Mm 

Av, 

Eyes 

Open, 

Mm 

Av, 

Eyes 

Shut, 

Mm 

%  Increase, 
Eyes 
Shut 

Front . 

100 

185 

95 

174 

94 

145 

96 

168 

75 

Back . 

60 

158 

76 

138 

75 

154 

70 

150 

114 

Right . 

73 

98 

44 

99 

46 

101 

54 

99 

83 

Left . 

47 

92 

60 

100 

53 

81 

53 

91 

72 

Total. . . . 

280 

533 

275 

511 

268 

481 

273 

508 

86 

It  is  futile  to  question  the  importance  of  vision  as  an  aid  in  main¬ 
taining  station  (Table  1),  and  the  test  for  general  use  will  prove 
more  critical  and  less  contaminated  if  made  with  the  eyes  closed 
as  the  standard  procedure.  The  optimal  duration  of  the  test 
appears  to  be  2  min.  Standard  tests  of  static  equilibrium  with  eyes 
closed  and  of  2  min  duration  tend  to  show  some  improvement 
with  training,  or  repetition.  However,  the  training  factor  is  rela¬ 
tively  small  as  compared  with  many  other  psychomotor  tests  and 
therefore  recommends  it  for  general  use  (2,  4,  13). 

Evaluation.- The  ataxiameter  is  a  simple,  relatively  rugged  an 
easily  adjusted  piece  of  equipment.  The  static  equilibrium  test  is 
a  straight-forward  procedure  readily  accepted  by  most  su  ]  ^ 

The  test  scores  are  not  greatly  influenced  y  Prac  ice  s 
short  series  of  trials  is  sufficient  to  bring  subjects  to  a  plateau  o 
performance.  The  scores  tend  to  reflect  changes  in  psychomotor 
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control  associated  with  various  types  of  stresses  experimentally 
applied  to  subjects.  The  scores  may  be  statistically  treated  as  total 
scores  or  as  fractionated  scores  for  different  planes  or  directions 
of  movement.  Qualitative  observations  of  the  subject’s  behavior 
during  test  periods  may  also  be  made  and  scored  if  desired. 

Psychologically,  the  test  is  one  of  standing  motionless.  When 
there  is  no  special  strain  or  loss  of  equilibrium,  the  subject  tries 
each  moment  to  avoid  swaying  rather  than  keep  on  or  return  to  a 
starting  point.  Standing  quietly  there  is  no  accurate  criterion  for 
an  exact  center  position.  Such  factors  as  apprehension  and  sug¬ 
gestion  may  strongly  influence  stability  and  should  be  carefully 
controlled.  A  blindfolded  subject  is  disturbed  if  the  experimenter 
or  others  are  walking  around  him  or  talking  to  or  about  him.  It 
is  worth  while  attempting  to  control  the  subject’s  attention  by 
asking  him  to  count  silently  with  a  clock  ticking  seconds.  Know¬ 
ing  the  test  is  to  continue,  for  example,  120  seconds  he  apprehends 
its  progress  and  will  not  begin  shortly  to  think  the  experimenter 
has  forgotten  him. 


Comment  by  F.  A.  Hellebrandt 

The  human  body  is  composed  of  jointed  segments  alined  in  a  manner 
which  places  the  vertical  projection  of  the  center  of  gravity  of  the  mass 
as  a  whole  close  to  the  geometric  center  of  the  supporting  base,  disregarding 
the  toes.  Movement  of  any  one  of  the  jointed  segments  elicits  autonomous 
compensatory  adjustments  of  other  parts.  The  stresses  imposed  during  the 
assumption  of  a  relaxed  and  comfortable  posture  are  so  adequately  equili¬ 
brated  by  normal  healthy  adults  that  shifts  in  the  mean  location  of  the 
center  of  gravity  do  not  exceed  the  middle  fifth  of  the  supporting  base. 
Indeed,  the  reflexes  controlling  the  orthograde  stance  of  man  are  of  such 
fundamental  importance  that  the  location  of  the  center  of  gravity  of  the 
body  as  a  whole  may  be  accepted  as  a  physiologic  constant.  We  have  found 
it  impossible  to  disturb  significantly  the  static  equilibrium  of  normal  sub¬ 
jects  by  such  severe  sagittal  plane  stresses  as  pregnancy,  carrying  a  pack  on 
the  back  or  wearing  shoes  with  heels  of  varying  height.  Coronal  plane 
asymmetry  secondary  to  the  wearing  of  an  artificial  leg  weighing  less  than 
the  anatomic  part  amputated  is  likewise  compensated  for  so  adequately  that 
most  amputees  successfully  relocate  the  center  of  gravity  in  the  middle  fifth 
of  the  transverse  diameter  of  support  and  maintain  a  static  equilibrium 
equal  to  or  surpassing  that  of  normal  subjects. 

Extensive  physiologic  studies  on  man  indicate  that,  although  vision 
labyrinthine  stimulation,  neck  reflexes  and  touch  and  pressure  sensations 
from  the  soles  of  the  feet  may  and  do  significantly  affect  equilibrium,  this 
is  always  within  the  margins  of  static  security  as  long*as  the  proprioceptive 

fn  ,h?HSffrC  “T  S'atiC  et<uiIibrium  *rvc  a  useful  purpose 

we  l  ls  .tT,?  ?  V  °f  defeCtS  in  ««<**  mechanisms  as 

the  study  of  neuromuscular  disturbances  secondary  to  disease  or 
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trauma  affecting  cortical,  midbrain,  cerebellar  or  peripheral  effect  or  con¬ 
trols.  Their  usefulness  in  the  study  of  the  biomechanical  effects  of  braces  and 
prosthetic  appliances  is  virtually  unexplored. 

The  principle  of  the  method  developed  in  the  Department  of  Physiology 
of  the  University  of  Wisconsin,  and  modified  in  the  Baruch  Center  of  Physi¬ 
cal  Medicine  and  Rehabilitation  of  the  Medical  College  of  Virginia,  is 
based  on  Newton’s  3d  law  of  action  and  reaction  or  moments  of  force 
around  a  fixed  point.  The  subject  stands  on  the  uppermost  of  a  series  of 
platforms  constructed  to  affect  concurrently  2  scales  placed  horizontally  at 
right  angles  to  each  other.  The  scales  are  equipped  with  levers  to  convert 
changes  in  spring  tension  into  vertical  movements  which  may  be  recorded 
on  a  kymogram.  If  the  total  length  of  the  platform,  total  weight  of  the 
subject,  scale  indication  and  tares  are  known,  the  instantaneous  shifts  in  the 
center  of  gravity  occurring  simultaneously  in  the  anteroposterior  and  trans¬ 
verse  vertical  planes  may  be  located  by  equating  moments.  The  oscillations 
in  the  center  of  gravity  of  a  standing  subject  due  to  normal  postural  sway 
may  thus  be  graphically  recorded  and,  if  the  position  of  the  feet  is  fixed 
with  respect  to  the  platform  fulcra,  may  be  projected  into  the  supporting 
base.  If  small  secondaries  are  suspended  from  the  scale  levers  so  as  to  hang 
freely  in  the  air  gap  of  a  slotted  core  transformer  energized  by  a  constant 
voltage  source  of  alternating  current,  the  voltage  induced  in  the  secondaries 
is  proportional  to  the  movement  of  the  levers,  which  in  turn  reflect  every 
change  in  the  center  of  weight.  The  2  rectilinear  motions  may  then  be  com¬ 
pounded  with  a  cathode  ray  oscilloscope  or  a  compound  watt  oscillograph. 
The  resulting  picture  is  not  unlike  the  “ataxiagraph”  and  lends  itself  to  the 
same  use.  Oscillographic  stance  patterns  differ  only  in  so  far  as  they  are 
the  resultant  of  the  sum  total  of  all  influences  affecting  static  equilibrium. 
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B.  REACTION  TIME 


Simple  Reaction  Time 


H.  E.  KING  and  J.  CLAUSEN,  Columbia  University 


Reaction  time  is  a  measure  of  the  amount  of  elapsed  time  be¬ 
tween  the  onset  of  a  stimulus  and  the  required  response.  One  of 
the  first  psychologic  phenomena  to  be  investigated,  it  has  since 
been  subjected  to  analysis  by  many  investigators  (2,  6)  and  has  had 
wide  application  to  practical  problems.  Since  it  is  often  of  real 
value  to  have  a  precise  measure  of  the  minimal  time  needed  for  a 
subject  to  make  a  motor  response,  a  standard  testing  technique 
will  be  outlined.  Measures  made  with  this  technique  may  be 
compared  directly  with  normative  data  or  be  equally  useful  in 
comparing  subjects’  performance  under  1  set  of  conditions  as 
opposed  to  another. 

Although  such  a  response  is  composed  of  a  sensory,  central  and 
motor  component,  it  should  be  considered  a  unit  of  response  of 
the  organism  rather  than  a  simple  summation  of  these  several 
factors. 

Since  reaction  time  (RT)  is  easily  influenced  by  certain  elements 
of  the  testing  situation,  these  must  be  held  constant  to  obtain 
valid  measures.  Experimental  design  must  allow  for  the  factors  of: 
(a)  sense  organ  stimulated,  ( b )  intensity  of  the  stimulus,  (c)  nerve 
connections,  (d)  the  reacting  movement  and  (e)  preparatory  set. 

APPARATUS  AND  PROCEDURE 

The  basic  design  common  to  all  methods  of  determining  RT 
has  been  incorporated  in  the  system  diagrammed  in  Figure  1. 
This  device  permits  reading  of  RT  to  visual  and  to  auditory 

stimuli.  . 

Have  the  subject  seated  comfortably  so  that  his  responding 

member  has  freedom  of  action.  Instruct  him  to  press  down  the 
response  key  and  to  release  it  instantly  when  a  pre-arranged 

stimulus  is  given.  , 

Set  the  apparatus  for  either  visual  or  auditory  stimulus,  set  the 

clock  to  zero  and,  after  a  warning  ready  signal,  close  the 
When  the  circuit  is  closed  thus,  the  stimulus  is  begun  and  the 
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chronoscope  activated.  The  subject  responds  by  releasing  his  key 
which  breaks  the  circuit  and  the  elapsed  time  is  read  from  the 
chronoscope  in  milliseconds. 

It  is  important  that  the  ready  signal  precede  actual  stimulation 
by  an  interval  of  not  less  than  1  nor  more  than  4  sec  in  a  random¬ 
ized  fashion.  Occasional  “catch”  sequences  in  which  the  ready 
signal  is  not  followed  by  stimulation  should  be  employed  to 
insure  that  the  subject  is  not  responding  to  the  ready  signal  alone. 


Fig.  1. — Circuit  diagram  of  reaction  time  apparatus.  B,  buzzer;  L,  neon 
lamp;  R ,  response  key;  K,  examiner’s  key;  T,  selector  switch;  P,  power 
supply  for  clutch;  C,  chronoscope  (Standard  Electric  Timer  MST-500; 
or  Standard  Electric  Timer  S-l  may  be  used  with  some  loss  of  precision  of 
measurement);  L,  line  voltage. 


Although  RT  is  influenced  by  initial  practice,  this  effect  does  not 
continue,  and  reliable  readings  may  be  obtained  if  10-15  practice 
trials  are  allowed  before  the  actual  data  are  taken.  The  average 
of  10  trials  usually  provides  an  adequate  estimate  of  the  subject’s 
RT.  Normative  data  are  given  in  Table  1. 


TABLE  1.  Approximate  Mean  and  Range  of  RT  in  Milliseconds 

Stimulus  Mean  Range 

Visual  190  150-225 

Auditory  150  120-185 


Evaluation.— The  differences  apparent  between  response  to  the 

2  types  of  stimulation  is  a  result  of  a  difference  in  sensory  process 

No  marked  dtfferences  occur  between  sexes,  and  the  response  is 

singularly  free  from  an  age  factor  save  in  the  youngest  and  oldest 

age  groups  (less  than  15  (3)  or  greater  than  70  (5)  years)  Care 

must  be  taken  to  allow  for  known  organic  factors  or  the  presence 

Of  drugs  in  making  comparisons  between  conditions  or  with  the 
normative  data.  n  me 

Norms  presented  in  Table  1  are  valid  only  for  simt.lv  RT  „ 
described  above  in  which  the  subject  is  aware  It  the^of  ftimu 
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lus  to  expect.  The  situation  in  which  he  is  to  respond  to  either, 
or  with  other  complications,  must  be  evaluated  otherwise  (6). 

Measurements  of  RT  which  are  made  closely  adhering  to  this 
technique  will  be  found  to  be  highly  reliable  (reliability  coeffi¬ 
cient  =  0.88).  The  readings  on  a  particular  individual  will  have  a 
standard  deviation  of  about  =t  20  msec.  Such  measures  should  not 
be  thought  of  as  an  all-inclusive  index  to  an  individual’s  psycho¬ 
motor  efficiency  since  a  low  relationship  exists  between  different 
levels  of  motor  function. 
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Measurement  of  Reaction  and  Co-ordination 
Speed  in  Response  to  Signals* 

WALTER  R.  MILES 


Speed  of  reaction,  the  rapidity  with  which  an  individual  initiates 
movements  after  perceiving  certain  stimuli,  and  speed  of  co-ordi¬ 
nation,  the  promptness  with  which  total  acts  are  carried  through, 
are  of  import  for  comfortable  successful  living. 

If  we  observe  an  individual  for  a  time  in  standard  situations  we 
may  form  a  good  impression  of  his  tempo  and  record  him  as  quick 
on  the  trigger,  physically  and  mentally  alert,  like  most  other 
people,  or  deliberate,  slow,  weak  from  illness,  sleepy  and  mentally 
confused.  Physicians  give  attention  to  locomotion,  speech,  ges¬ 
tures,  simple  manipulations,  etc.,  as  symptomatic  behavior  signifi¬ 
cant  for  the  understanding  of  their  patients.  Similarly  psycholo¬ 
gists,  both  experimental  and  applied,  place  confidence  in  specified 
motor  co-ordinations  and  reactions  (2).  If  a  subject  is  co-operative 
and  understands  the  required  task  and  how  he  is  to  do  it,  then 
timed  results,  compared  with  those  secured  in  similar  objective 
circumstances  from  other  persons,  may  be  indicative  of  important 
organic  conditions  and  behavior  tendencies.  A  good  example  of 
the  symptomatic  value  of  reaction  time  is  given  in  the  work  of 
Macht  and  Isaacs  (4)  on  the  effect  of  opium  alkaloids.  Determina¬ 
tions  of  degrees  of  reactive  slowness  and  muscular  inco-ordination 
served  importantly  in  the  study  on  the  influence  of  a  severe  and 
prolonged  reduction  in  diet  (1).  An  example  from  the  industrial 
field  is  the  study  by  Walther  (8),  who  found  correlations  of  +0.80 
or  above  between  the  test  scores  and  output  in  workers  who  had 
held  their  positions  for  several  years.  Measurements  of  the  charg¬ 
ing  time  of  football  players  by  the  use  of  a  multiple  chronograph 
(5)  showed  that  6  of  the  1st  team  line  had  times  below  0.4  sec, 
while  6  of  the  2d  team  line  had  times  greater  than  that  value.  The 
surprised  coach  remarked:  “They  must  have  gotten  on  the  1st 
team  because  they  are  just  naturally  fast.” 

Since  the  beginning  of  mental  testing,  both  individual  and 
tSOT-Ml1"] S"  bV  PermUSi°n  ,r°m  America"  J°u™aI  of  Psychology 
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group,  examinations  have  directly  or  indirectly  made  much  use 
of  the  factor  of  reactivity  speed.  Peak  and  Boring  (7)  and  McFar¬ 
land  (3),  among  others,  have  presented  results  which  show  positive 
correlation  between  general  reaction  speed  and  degree  of  accom¬ 
plishment  in  achievement  and  intelligence  tests.  These  experi¬ 
mental  findings  accord  with  observations  on  vocational  and 
professional  activity. 


APPARATUS 

The  equipment  described  (6)  makes  use  of  a  commercial  im¬ 
pulse  counter, f  preferably  with  zeroizing  feature,  for  measuring 
simple  reaction  scores  and  co-ordination  in  either  hand  and 
simple  reactions  with  either  foot.  A  wiring  diagram  with  sketch 
of  the  “reaction  board”  is  presented  in  Figure  1.  The  impulse 


arrangement. 

counter  B  is  located  near  the  center  of  a  3-ply  panel  A  which  is 
18  in.  wide  from  left  to  right  and  15  in.  deep,  front  to  back.  In 
use,  the  panel  is  placed  flat  on  the  table  and  in  front  of  the 
person  being  tested.  The  reaction-key  assembly  H  may  be  placed 
near  on  the  table,  or  on  the  floor  when  testing  foot  responses. 
The  small  transformer  C  (to  be  operated  on  110  v,  60  c,  a-c,  indi¬ 
cated  by  E)  is  secured  to  the  panel  behind  and  in  close  proximity 
to  the  counter.  Wiring  is  so  arranged  as  to  permit  various  com- 
binations  in  procedure.  There  are  4  useful  ways  of  <™P1°y’"S 
the  electric  clock.  (1)  Closing  switch  D  short-circuits  the  pus 
button  I  completes  the  transformer  circuit  and  starts  the  clock, 

pressure  on  J  stops  it  by  a  mechanical  i,]terfere^e  ^stire'on 
built  in  the  counter.  (2)  With  D  open  and  F  closed,  pressure ^on 
push  button  I  completes  the  circuit  and  starts  the  c  ock  d 
keeps  it  running  until  pressure  on  J  stops  it.  (3)  With  D  and 

'  tMade^Cenlral  Scientific  Company.  1700  Irving  Park  Blvd.,  Chicago. 
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both  open  and  O-P  closed,  and  since  point  M  is  in  contact  by  the 
upward  spring  action  of  key  L,  the  clock  may  be  started.  Y  Pu£ 
button  /  and  stopped  by  breaking  the  circuit  at  Af  with  lig 
pressure  on  L.  (4)  Same  as  C  except  P-Q  is  closed  by  S,  then  con¬ 
tinued  pressure  on  L  makes  an  electric  contact  at  point  N,  the 
operator’s  pressure  on  button  /  now  starts  the  clock  and  the  sub¬ 
ject’s  release  of  pressure  on  L  stops  it. 

The  impulse  counter  makes  a  buzzing  sound  which  serves 
as  the  simple  auditory  stimulus  for  the  reaction  response.  The 
movement  of  the  clock  hand  may  serve  as  a  visual  stimulus  or, 
if  the  subject  rests  his  unemployed  hand  on  the  edge  of  the  clock 
case,  it  will  serve  as  a  tactual  stimulus.  These  features  have  their 
use  when  working  with  blind  and/or  deaf  subjects.  If  the  impulse 
counter  can  be  zeroized  after  each  reaction,  this  is  perhaps  most 
convenient.  If  not,  the  consecutive  readings  should  be  placed  in  a 
vertical  column  starting  from  the  bottom  and  the  number  of  1/120 
sec  units  of  time  required  for  each  reaction  may  be  determined 
later  by  subtraction.  This  latter  scheme  makes  for  rapid  sequence 
of  individual  responses  in  testing. 

On  the  reaction  board  are  2  hardwood  blocks,  K  and  K' ,  fas¬ 
tened  securely  in  line  with  J.  Each  block  is  1  \/2  in.  high  and  has 
2  holes  3/g  in.  in  diameter  and  \]/2  in.  deep,  separated  I14  in.  on 
centers.  From  the  center  of  J  to  the  nearest  hole  in  K  or  K'  is  6  in. 
and  to  the  farther  hole  7*/2  in.  A  3  in.  length  of  standard  round 
lead  pencil  %G  in.  in  diameter  stands  in  1  hole  in  each  block. 
Both  ends  of  the  pencil  are  rounded  slightly  and  bluntly,  not 
sharpened.  This  feature  provides  for  measuring  hand-arm  co¬ 
ordination  in  pencil-shifting,  as  explained  below. 

TEST  BATTERY  AND  PROCEDURE 

1.  Single  extension-flexion  of  forefinger.  If  the  subject  is  right- 
handed,  the  right  arm  and  wrist  are  rested  on  the  table,  the  fore¬ 
finger  is  placed  in  contact  with  key  /,  holding  it  down.  The  circuit 
is  closed  in  the  clock,  either  by  switch  D  or  by  push  switch  I, 
and  there  is  a  gentle  hum  to  be  heard  from  the  clock.  The  subject" 
after  instruction  and  when  ready,  lifts  the  finger  from  the  key 
and  brings  it  down  again  as  quickly  as  possible.  The  distance  the 
clock  hand  turns  during  the  release  of  J  is  a  time  measure  of  the 
event.  This  is  not  a  reaction  measure  but  a  co-ordination  pure 
and  simple.  The  subject  himself  decides  when  to  lift  the  finger 
and  executes  what  he  considers  to  be  a  quick  movement.  Ten 
consecutive  trials  are  given  as  a  measure  of  this  activity. 

2.  Co-ordination  for  pencil  shifting.  The  subject  holds  his  right 
in  ex  finger  firmly  on  key  J,  as  in  the  previous  test  and  after 
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instruction,  and,  when  ready,  reaches  over  to  K  with  his  right 
hand,  giasps  the  pencil,  lifts  it  from  the  hole  where  it  is  resting 
and  places  it  in  the  other  nearby  hole,  pushing  it  down,  then 
returns  to  press  his  right  forefinger  on  key  J  as  quickly  as  possible. 
At  the  moment  he  starts  the  co-ordination  (leaving  J)  the  electric 
clock  starts,  and  when  he  arrives  on  J  the  clock  stops,  provided 
he  does  not  fumble.  The  total  time  for  this  simple  co-ordination 
of  hand  and  arm  is  registered  without  any  interference  from  the 
experimenter.  Three  trials  are  made  with  the  right  hand  and  3 
trials  with  the  left  hand  alternately.  The  left  hand  uses  block  K'. 
The  instructions  are  to  place  the  unused  hand  relaxed  in  the  lap, 
but  the  extent  to  which  it  is  drawn  into  the  action  cycle  may 
constitute  a  useful  observation. 

3.  Reaction  by  pressure  (flexion)  of  the  forefinger.  This  involves 
the  use  of  key  L  and  circuit  (3)  described  above.  The  subject, 
after  instruction,  rests  the  forefinger  lightly  on  L,  so  lightly  (100 
g  or  less)  that  the  contact  point  at  M  will  remain  pressed  together. 
Then,  following  a  preliminary  “ready,”  at  a  moment  unknown 
to  the  subject  and  out  of  his  view,  the  experimenter  presses  and 
holds  push  button  I  until  the  subject  by  increased  pressure  on  L 
breaks  the  circuit  at  M  and  stops  the  clock.  This  is  a  simple  reac¬ 
tion  to  sound.  Five  such  reactions  are  taken  in  rapid  succession 
with  1  hand  only  or  1st  with  1  hand  and  then  with  the  other  if  so 
desired.  The  experimenter  will  of  course  vary  the  interval  be¬ 
tween  “ready”  signal  and  pressure  on  I  and  be  careful  that  all 
manipulations  of  the  push  button  are  out  of  sight  of  the  subject. 

4.  Reaction  by  lifting  the  finger  (extension).  This  is  the  more 
common  type  of  reaction  movement  as  used  in  laboratory  tests. 
It  is  provided  for  by  circuit  (4).  Now  the  subject  after  instruction 
presses  rather  firmly  (300  g)  on  L\  at  a  varying  interval  after 
saying  “ready,”  the  experimenter  presses  push  button  I  and  the 
subject  by  releasing  L  breaks  the  contact  at  N  and  registers  a 
reaction.  The  experimenter  makes  sure  to  maintain  pressure  on 
the  push  button  until  the  reaction  is  completed.  Five  such  reac¬ 
tions  by  release  of  L  are  taken  in  rapid  succession. 

5.  Reaction  by  lifting  the  ball  of  the  foot.  Key  H  is  placed  on 
the  floor  and  the  routine  for  test  no.  4  is  carried  out  except  that  L 
is  held  down  by  the  ball  of  the  foot  with  the  heel  resting  on  the 
floor.  A  light  pressure  of  the  foot  maintains  contact  at  Ar.  When 
the  experimenter,  after  giving  his  instructions,  presses  I  the  clock 
starts,  and  this  constitutes  the  signal  for  the  subject  to  lift  the 
foot  quickly  as  he  might  do  from  the  accelerator  of  an  automobile. 
Ten  consecutive  reactions  of  the  right  (or  dominant)  foot  are 

taken. 
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This  battery  of  5  tests  has  been  found  practical  for  use  with 
children  and  adults  and  may  ordinarily  be  carried  through  in 
about  15  min.  Test-retest  reliability  figures  on  the  items  are 
unfortunately  not  available. 

Comparison  data—  Data  secured  from  the  application  of  the 
foregoing  battery  of  tests  on  100  adults,  53  men  and  47  women, 
all  believed  to  be  in  relatively  normal  health,  are  summarized  in 
Table  1  (6).  Age  range  was  25-87,  mean  48.7,  SD  15.9  years.  There 
were  7  men  and  5  women  past  74.  The  table  from  left  to  right  is 
arranged  according  to  the  numbered  items  of  the  battery.  No.  1 
shows  a  mean  of  0.159  sec,  SD  0.056  sec,  which  would  correspond 


TABLE  1.— Results  for  Co-ordination  and  Reaction  Tests  on  100  Unse¬ 
lected  Adults,  Measured  with  the  Reaction  Board 
(Time  scores  converted  to  sec ) 


BATTERY  ITEM 

1 

2 

2 

3 

4 

S 

Finger: 

Rt.  Hand: 

Left  Hand: 

Finger 

Finger 

Rt.  Foot 

Age, 

Simple 

Reach 

Reach 

React. : 

React.: 

React. : 

Yr 

Co-ord. 

Co-ord. 

Co-ord. 

Pressing 

Lifting 

Lifting 

Range 

26-87 

0.083- 

0.85- 

0.90- 

0.100- 

0.158- 

0.158- 

0.367 

2.10 

2.25 

0.817 

0.450 

0.408 

Mean 

48.7 

0.159 

1.21 

1.36 

0.241 

0.227 

0.242 

SD 

15.9 

0.056 

0.23 

0.24 

0.096 

0.052 

0.047 

to  a  tapping  rate  of  0.6/sec,  or  to  the  time  for  the  completion  of 
a  voluntary  eye  wink.  In  no.  2,  the  pencil  shift,  the  dominant 
hand  is  the  faster  by  about  0.15  sec.  For  the  simple  reactions  with 
the  dominant  forefinger,  no.  3  and  4,  the  lifting  (release)  response 
is  the  quicker.  I  his  may  be  due  in  part  to  the  difficulty  in  no.  3 
of  holding  the  finger  lightly  on  key  L.  This  difficulty  seems  indi¬ 
cated  by  the  wide  score  range  0.100—0.817  sec.  The  lift  reaction  of 
the  dominant  foot,  despite  its  much  greater  mass,  turns  out  only 
0.015  sec  longer  than  for  the  lift  of  the  forefinger. 

The  same  set  of  data  for  the  100  adults  arranged  by  semidecade 
age  groups  is  presented  in  Table  2.  All  averages  have  been  rounded 
into  units  of  0.01  sec.  There  is  little  change  shown  by  the  6  age 
groupings  from  25  to  59.  It  is  true  that  if  we  combine  the  means 
for  the  ages  25—29  and  30-34  and  compare  these  with  the  com¬ 
bined  means  for  groups  45-49  and  50-59,  we  find  that  in  most 
measures  the  younger  adults  are  the  faster,  but  the  amounts  of 
change  seem  slight.  A  much  more  regulai  and  pronounced  tend¬ 
ency  is  indicated  by  the  3  last  groups.  Here  the  mean  values  tend 
consistently  to  be  above  the  average  for  the  6  younger  groups 
and  the  retardation  is  progressive  with  increasing  age.  The  slow¬ 
ing  produced  by  age  does  not  result  in  means  that  fall  beyond 
'V  lat  1S  considcled  normal  range  for  these  several  measures.  These 
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adults  60-85  years  old  are  usually  not  more  than  approximately 
25  °f0  slower  than  the  comparable  individuals  in  middle  life. 


TABLE  2.— Co-ordination  and  Reaction  Time  Averages  for  100  Adults 

Classified  According  to  Age 
(Time  in  sec) 


Ac* 

No. 

Finger 

Co-ord. 

Rt.  Hand: 
Co-ord. 

Left  Hand: 
Co-ord. 

Ftnger 

React.: 

Pressing 

Finger 

React.: 

Lifting 

Foot 

React.: 

Lifting 

Av. 

M.V.* 

Av.  M.V. 

Av.  M.V. 

Av.  M.V. 

Av.  M.V. 

Av. 

M.V. 

25-29 

9 

.14 

.02 

1.12  .13 

1.34  .15 

.23  .03 

.21  .03 

.22 

.01 

30-34 

11 

.13 

.03 

1.12  .09 

1.26  .21 

.24  .08 

.22  .03 

.22 

.03 

35-39 

13 

.15 

.04 

1.08  .08 

1.28  .12 

.23  .04 

.21  .02 

.22 

.02 

40-44 

15 

.15 

.03 

1.14  .08 

1.31  .17 

.21  .03 

.21  .03 

.22 

.03 

45-49 

17 

.17 

.05 

1.22  .14 

1.33  .13 

.23  .04 

.23  .04 

.25 

.04 

50-59 

9 

.13 

.04 

1.11  .10 

1.26  .11 

.20  .03 

.22  .03 

.24 

.07 

60-69 

11 

.18 

.05 

1.24  .22 

1.37  .19 

.28  .11 

.23  .03 

.26 

.04 

70-79 

11 

.20 

.05 

1.51  .26 

1.55  .16 

.30  .08 

.26  .08 

.27 

.05 

80-89 

4 

.20 

.04 

1.63  .16 

1.81  .24 

.28  .03 

.28  .05 

.30 

.03 

"Mean  value. 


Exialuation- Reaction  time  and  co-ordination  tests  to  be  of 
maximal  usefulness  in  scientific  work  demand:  fa)  reliable  equip¬ 
ment,  (b)  well  standardized  instructions,  (c)  good  routine  in  ad¬ 
ministration,  (d)  an  environment  free  from  distractions,  (e)  good 
motivation  of  subjects,  and  (f)  sufficient  repetition  to  secure  a 
reasonably  reliable  sample  of  performance  without  making  the 
occasion  boring.  Commercially  available  impulse  counters  oper¬ 
ating  on  standard  60  c,  110  v  current  are  practically  adequate  for 
timing  and  reasonable  substitutes  for  the  older  elaborate  chrono- 
scopes.  Reaction  and  co-ordination  time  scores  and  variabilities 
have  a  wide-range  usefulness  as  descriptive  for  some  aspects  of 
normal  behavior  as  also  for  describing  performance  under  stress. 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
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C.  CO-ORDINATED  MOTOR  RESPONSES 


Speed  of  Tapping 


H.  E.  KING  and  J.  CLAUSEN,  Columbia  University 


The  tapping  test  affords  a  simple  and  objective  index  of  the 
speed  of  voluntary  repeated  movement  where  the  emphasis  is 
placed  on  speed  of  response  rather  than  a  high  degree  of  pre¬ 
cision  of  co-ordination.  Certainly  no  single  measure  can  be  ex¬ 
pected  to  represent  total  motor  capacity,  but  1  of  its  basic  seg¬ 
ments  is  the  simple  repeated  movement,  fundamental  in  character, 
which  has  had  a  long  history  of  investigation  and  application  in 
the  field  of  human  measurement. 


Measures  of  this  function  have  served  in  the  past  as  an  indicator 

for  evaluating  the  effects  of  drugs,  various  physiologic  states,  etc., 

and  a  standard  technique  would  make  possible  its  application  to 

many  other  situations  in  which  a  generalized  motor  effect  is  under 
study. 

Measures  of  tapping  are  influenced  by  certain  factors  which  must 
be  held  constant  to  yield  reproducible  data:  (a)  the  muscle  move- 

uremenT1'  {  )  and  W  the  interval  for  meas- 


apparatus  and  procedure 

A  system  is  employed  which  will  allow  each  individual  tan  to  be 
designed  b^^^t^sf "  “  *  *"**  *** 

at  the  starting  signal  from  .1,5  finger  °"  the  barricr  and 

nately  between  the  o  nlTe  '  T"  “  begi"  taPPing  alter- 

“  st°P-  T'te  placement  of  thVmMline^rier'requSre5*8"^ 
of  movement  to  be  used  between  the  nlates  Th  T  S  an  arc 

be  seated  on  a  metal  stool  connected  to  1  cont^  oUhfr" 
relay,  so  that  by  touching  th»  ,  act  of  the  resistance 

circuit  and  activates  the  rela  I  -Pi?ing  p  ate  he  completes  the 
the  Veeder  counter  V  ,Ch  m  tUrn  regis‘^  tap  on 
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Measures  are  taken  of  the  number  of  taps  which  a  subject  can 
make  in  a  5  sec  interval.  Timing  may  be  accomplished  by  a  fast 
stop  watch  or  electric  timing  system,  and  the  knife  switch  included 
in  the  recording  system  allows  sharp  delimitation  of  the  test 
interval. 

Since  practice  and  familiarity  with  the  movement  required  will 
to  some  extent  influence  performance,  sufficient  initial  practice 
periods  must  be  allowed  to  reach  the  level  of  maximal  perform¬ 
ance  before  the  actual  data  are  taken.  Ten  practice  intervals, 


© 


L 


Fig.  1. — Diagram  of  tapping  test  apparatus.  P,  metal  plates  2  X  2  in. 
square,  mounted  at  a  distance  of  12  in.  between  inner  edges;  B,  barrier  raised 
i/2  in.  above  base;  C,  contact  post;  R,  Cenco  electronic  relay  no.  99780; 
V,  Veeder  counter  no.  24-6;  S,  knife  switch;  G,  grounded  metal  stool;  L, 
line  voltage. 


spaced  to  avoid  fatigue,  should  be  sufficient  to  attain  this  level. 
The  average  number  of  taps  recorded  in  5  test  intervals  will  afford 
an  adequate  index  of  the  speed  of  tapping  for  a  given  subject. 

Modification.— A  popular  and  simple  variation  of  the  technique 
has  been  to  record  merely  the  number  of  times  a  subject  can  tap  a 
telegraph  key  in  a  given  time  interval.  This  is  easily  arranged  by 
hooking  the  key  in  the  power  supply  circuit  of  a  Veeder  counter 
Evaluation.- It  is  not  possible  to  present  universally  agreed 
upon  norms  for  tapping  since  the  rates  obtained  depend  to  some 
extent  on  the  type  of  apparatus  employed  and  a  wide  variety  of 
methods  have  been  used  by  different  investigators.  Despite  these 
discrepancies  of  technique,  averages  obtained  agree  rather  closely 
in  placing  the  normal  tapping  rate  at  approximately  33  taps  lor 
a  5  sec  interval.  Norms  for  practical  use  with  this  technique  had 
best  be  obtained  by  applying  it  to  a  group  of  normal  subjects 
comparable  in  age  and  sex  to  the  subjects  under  study.  Measures 
obtained  on  closely  following  this  technique  will  be  found  to  be 

hiirhlv  reliable  (reliability  coefficient=0.90).  .  ,.  . , 

Tapping  scores  will  indicate  some  differences  between «  mdmd- 
uals  and  will  vary  somewhat  depending  on  the  tim  y 

which  "hey  are  made,  being  faster  in  the  afternoon  than  m  the 
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morning  (6,  7).  Tapping  rate  increases  steadily  between  the  ages 
of  6  and  19  (1)  and  is  generally  found  to  be  more  rapid  in  men 
than  in  women  (1,  6).  Drugs  and  general  physiologic  condition 
also  have  their  effects  (2-5).  Comparisons  made  utilizing  this  tech¬ 
nique  must  take  into  account  these  several  factors  if  valid  conclu¬ 
sions  are  to  be  drawn. 
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Mirror  Drawing 

ROBERT  B.  AMMONS  and  CAROL  H.  AMMONS,  University  of  Louisville 


Mirror-drawing  tasks  have  been  used  in  psychologic  laboratories 
for  50  years.  Research  interest  has  centered  on  the  conditions  of 
acquisition  of  the  new  perceptual  motor  skills  involved  and  on 
the  transfer  of  these  skills  from  1  limb  to  another.  Snoddy  (7)  and 
Siipola  (6)  have  made  the  most  extensive  studies.  Mirror  drawing 
is  often  used,  perhaps  because  it  is  generally  difficult,  although 
appearing  easy,  and  often  produces  marked  motor  conflict. 


APPARATUS  AND  PROCEDURE 


The  various  types  of  mirror-drawing  apparatus  have  in  common 
some  arrangement  for  obscuring  direct  vision  of  the  task  by  the 
subject  while  allowing  vision  in  a  mirror.  This  is  accomplished 
by  interposing  a  shield  between  the  subject’s  eyes  and  his  hand 
position  while  he  is  performing,  but  placing  a  mirror  so  that  he 
can  see  in  it  what  he  is  doing. 

The  most  important  variable  is  the  nature  of  the  path  to  be 
followed,  which  may  be  of  any  size  and  shape,  but  usually  is  a 
6-pointed  star.  The  path  may  be  cut  in  metal  or  printed  on  paper 
and  is  followed  with  a  stylus,  pencil  or  pen.  The  important  pat¬ 
tern  factors  are  path  direction,  turns  and  width  of  path.  Scot  ing  is 
in  terms  of  errors,  time  to  complete  a  circuit,  mean  velocity  of 
movement,  and  various  combinations  of  these.  Errors  can  be 
measured  in  terms  of  magnitude,  direction  and  number  of  devia¬ 


tions  from  the  path. 

The  task  can  be  varied  in  several  other  ways.  The  subject  can 
be  paced  by  requiring  him  to  attempt  to  move  over  various  seg¬ 
ments  of  the  pattern  with  temporal  regularity  (5),  or  to  move 
rapidly  enough  to  keep  his  number  of  errors  constant  per  unit  of 
time  (7).  Mirror  systems  can  be  set  up  to  magnify  or  to  change  in 
various  ways  the  apparent  direction  of  movement  necessary  to 
follow  the  pattern.  The  subject  can  be  punished  for  errors  (4)  or 
slowness,  can  be  given  varying  amounts  of  information  about  t  e 
general  principles  involved,  and  his  practice  periods  can  be  vari¬ 
ously  distributed  in  time  (5).  .  . 

Control  and  calibration  of  apparatus.-Uult  or  nothing  has 
been  done  to  investigate  apparatus  variables.  Personal  experie 
seems  to  indicate  that  the  nature  of  the  surface  on  which  the 
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drawing  is  done,  the  shape  of  the  pencil  or  stylus  point,  the 
material  out  of  which  the  stylus  tip  and  drawing  surface  are  made, 
their  freedom  from  dirt  and  the  stylus-drawing  surface  voltage, 
where  electrical  recording  is  used,  are  of  some  importance.  It  is 
imperative  that  these  and  other  apparatus  variables  be  studied 
systematically  if  this  task  is  to  be  used  extensively  in  research. 

Evaluation  of  results—  Mirror-drawing  performance  can  be 
evaluated  in  many  different  ways.  It  is,  of  course,  important  to 
observe  as  many  aspects  of  behavior  and  use  as  many  indices  as 
possible.  Allen  (1)  pointed  out  the  value  of  mirror-drawing  as  a 
test  of  frustration  tolerance.  The  subject's  reaction  to  stress  is 
easily  observed  in  the  constriction  of  his  movements,  “freezing," 
level  of  muscular  tension  (4),  extent  of  movements  and  verbal 
behavior.  Movements  can  be  studied  for  fine  and  coarse,  regular 
and  irregular  tremors,  general  steadiness  and  force.  The  subject’s 
motivational  changes  can  be  discovered  by  means  of  questioning 
and  self-ratings  and  his  ability  to  follow  instructions  noted. 

Various  research  findings  seem  to  be  of  significance  in  the  inter¬ 
pretation  of  mirror-drawing  behavior.  Girls  have  more  regular 
performance  curves  than  boys  and  seem  to  perform  better  after 
early  adolescence  (2).  Norms  are  available  for  some  tasks  (2), 
although  it  must  be  remembered  that  they  are  rather  specific  to 
the  apparatus  used  by  the  investigator.  Previous  experience,  par¬ 
ticularly  with  art,  may  influence  performance  (3),  although  it  is 
not  significantly  related  to  verbal  intelligence  (2).  Low  positive 
correlations  are  found  between  scores  in  mirror-drawing  and 
those  in  various  other  motor  tasks  such  as  speed  of  making  small 
marks  and  making  letters  (2). 

Mirror-drawing  calls  for  the  learning  of  new  perceptual-motor 
co-ordinations.  The  difficulty  of  the  task  can  be  varied  in  many 
ways,  and  significant  observations  can  be  made  of  motor  behavior. 


1. 

2. 
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Rotary  Pursuit 

ROBER  I  B.  AMMONS,  University  of  Louisville 


More  research  has  been  done  with  rotary  pursuit  than  with  any 
other  pursuit  task,  and  more  is  known  about  it.  Since  its  introduc¬ 
tion  by  Koerth  (7)  in  1922,  it  has  been  used  widely  to  study  skills 
acquisition  and  to  measure  skills  aptitude.  In  its  role  as  indicator 
of  skills  aptitude,  it  appeared  as  a  basic  test  in  air  crew  selection 
batteries  during  World  War  II  (8). 


APPARATUS  AND  PROCEDURE 

The  apparatus  for  the  rotary  pursuit  test  ordinarily  consists  of 
a  circular  metal  target  set  in  a  phonograph-like  turntable  and  a 
metal  stylus  which  the  subject  attempts  to  keep  in  contact  with 
the  target  as  it  rotates.  The  target  anti  stylus  can  vary  in  size,  and 
the  stylus  in  weight.  The  diameter  of  the  circle  through  which  the 
target  moves  as  the  turntable  revolves  can  vary  as  well  as  the  speed 
of  rotation,  which  is  ordinarily  60  rpm.  The  stylus  and  target  are 
usually  wired  into  a  circuit  which  is  completed  when  they  are  in 
contact.  Time  of  completion  of  the  circuit  is  recorded  directly  or 
with  a  relay  arrangement  on  counters  or  timers.  A  different  scor¬ 
ing  method,  using  ink  recording  on  a  polygraph  of  the  duration 
and  time  pattern  of  contacts,  has  also  been  developed  (10). 

The  turntable  rotates  continuously  at  a  constant  speed.  1  rials 
consist  of  a  certain  number  of  rotations,  usually  followed  by  a 
short  rest.  The  subject  is  instructed  to  follow  the  target  with  an 
easy  swinging  movement  of  his  arm  and  not  to  press  down  on  the 
hinged  tip  of  the  stylus.  He  can  be  corrected  whenever  he  does 

not  follow  the  general  instructions. 

Calibration  and  apparatus  control— Rotary  pursuit  apparatus 
was  found  to  be  quite  reliable  by  the  Army  Air  Force  (8).  Break¬ 
downs  were  reported  in  only  2.6%  of  1  large  series  of  tests  and 
in  less  than  1%  in  another.  Dehnite  precautions  were  taken  to 
standardize  apparatus,  including  changing  stylus  tips  every  500 
tests,  checking  turntable  speed  with  a  neon  light  and  stroboscopic 
disk,  inspecting  the  cord  to  the  stylus  tor  breaks  and  keeping  the 
stylus  tip  pressure  constant  by  adjusting  a  spring.  Dimensions  o 
stylus,  target  and  turntable  were  carefully  controlled  during  con- 
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struction.  Timers  were  replaced  when  it  was  found  that  they  were 
appreciably  inaccurate. 

Despite  these  controls,  statistically  significant  differences  were 
found  between  pieces  of  apparatus.  Fortunately,  the  actual  differ¬ 
ences  were  not  large  from  a  practical  testing  point  of  view.  It  was 
observed  that  the  latencies  of  the  relays  varied,  that  new  styluses 
gave  different  results,  that  there  were  even  differences  between 
control  units.  Other  investigators  (10)  have  found  that  physical 
contact  of  stylus  and  target  does  not  have  a  1-1  correspondence 
to  circuit  completion.  Thus  timers  and  counters  record  not  time 
of  contact  but  probably  only  time  of  steady  contact,  and  scores 
based  on  them  cannot  be  called  “time  on  target”  scores.  This 
experience  suggests  that  there  must  be  many  significant  apparatus 
variables  associated  with  the  rotary  pursuit  task. 

Such  factors  as  the  material  of  which  stylus  tip  and  target  are 
made  (see  pp.  329-336  (8),  where  silver  is  recommended),  the 
degree  to  which  they  are  kept  clean,  the  voltage  across  the  stylus, 
the  shape  of  the  tip  of  the  stylus  and  fluctuations  in  line  current 
to  the  apparatus  may  be  important.  Fluctuations  in  line  current 
are  usually  controlled  with  a  voltage  regulator,  and  weight  on  the 
stylus  tip  by  sleeves  of  varying  weights  placed  on  the  outer  arm. 
The  effects  of  the  various  factors  need  to  be  known  and  accurate 
methods  of  calibration  need  to  be  developed.  Extensive  studies 
are  being  conducted  by  the  author  along  these  lines,  using  motion 
picture  analysis. 


Evaluation.— From  the  point  of  view  of  the  tester  the  rotary 
pursuit  task  is  easy  to  administer.  In  Air  Force  experience  (8),  less 
than  1%  of  the  tests  were  spoiled  by  examiner  failure.  Scoring  can 
be  by  cumulated  timer  or  counter  score  per  trial  or  duration  of 
stylus-target  circuit  completion  as  recorded  by  a  polygraph  (10) 

,nd,ces  include  totai  scores’ mean  tria‘  s“res- 
variability  of  trial  scores,  mean  lengths  of  contact,  mean  lengths 

o  contact !!nd  VariabiHtieS  °f  lenSths  of  and  loss 

,  .  Variability  scores  are  useful  in  estimating  the  subjects’ 

stability,  and  mean  scores,  their  general  proficiency  J 

Many  observations  of  physical  and  psychologic  significance 
can  be  made  as  a  subject  performs.  His  ability  to  follow  instruc 
tions  is  quickly  determined.  Gross  and  fine  motor  co-ordin*,’ 
can  be  observed,  and  eye  movements  can  be  watched  in  a  mirror 
or  photographed.  Many  subjects  report  that  the  ,7 
follow  an  elliptical  nath  w2„  the  ,arSet  seems  to 

tension  and  ?  be  ‘ake"  °f  chanSes  bodily 

tion,  as  practice  continues.  eo  5py  °  >esponses,  and  verbaliza- 
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Several  factors  must  be  considered  in  the  interpretation  of 
rotary  pursuit  performance.  Level  of  performance  depends  on 
amount  of  prior  practice  (2,  6,  9),  speed  of  target  movement  (5,  8), 
size  of  target  used  (5)  and  ratio  of  rest  to  work  periods  (9),  i.e., 
degree  of  distribution  of  practice.  If  a  rest  is  introduced  after 
massed  practice,  subsequent  performance  is  characterized  by  a 
sharp  rise  called  warming  up  (1-3),  and  a  period  of  declining 
performance  interpreted  as  due  to  the  cumulation  of  some  decre- 
mental  work  factor  (1,  6).  The  post-rest  performance  quickly  in¬ 
creases  to  a  level  much  higher  than  that  immediately  before  rest, 
scores  sometimes  doubling  in  a  few  trials  (2).  Informal  observa¬ 
tions  have  led  various  investigators  to  conclude  that  changes  in 
motivation  lead  to  changes  in  performance,  but  the  exact  relation¬ 
ship  is  not  known.  A  single  loud  noise  during  practice  does  not 
appreciably  influence  level  or  variability  of  performance  (4). 
Finally,  a  score  ceiling  is  gradually  reached  as  performance  be¬ 
comes  nearly  perfect,  and  this  is  reflected  in  a  definite  decrease  in 
score  variabilities  (5),  as  contrasted  with  the  increase  ordinarily 
found  early  in  practice  (4,  5). 

The  rotary  pursuit  test  gives  highly  consistent  scores,  odd-even 
reliabilities  being  found  regularly  to  be  in  the  high  0.90’s  (8,  9). 
It  is  sensitive  to  many  performance  variables  (1)  and  hence  useful 
for  the  study  of  learning.  Air  Force  research  (8)  has  demonstrated 
its  validity  for  the  selection  of  certain  air  crew  members.  This 
validity  was  higher  when  the  subject  was  required  to  make  a  series 
of  nonrelated  discrimination  movements  with  the  hand  which 
was  not  used  to  hold  the  stylus.  Test  results  have  been  used  in  the 
construction  of  learning  theory  (1)  as  well  as  in  the  measurement 
of  aptitude. 
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Linear  Pursuit 


ROBERT  B.  AMMONS,  University  of  Louisville 


Linear  pursuit  tasks  call  for  the  direct  or  indirect  sensory  motor 
following  of  a  target  object  which  does  not  describe  a  closed  path 
or  whose  path  does  not  enclose  an  area.  They  have  been  used  in 
psychologic  laboratories  at  least  since  1920,  when  Miles’s  descrip¬ 
tion  (5)  of  the  pursuit  pendulum  appeared.  Oculomotor  pursuit 
has  long  been  observed  in  such  activities  as  shooting  at  a  moving 
target  and  following  celestial  objects  with  a  telescope,  but  this 
observation  has  not  been  systematic.  Laboratory  uses  have  been 
mainly  in  aptitude  testing  and  in  the  study  of  the  acquisition  of 
skill. 

APPARATUS  AND  PROCEDURE 

Two  basic  types  of  linear  pursuit  apparatus  have  been  devel¬ 
oped.  One  requires  the  subject  to  keep  an  indicator  moving  in 
such  a  way  that  it  is  in  some  sort  of  contact  with  a  2d  indicator,  or 
“target.”  Apparatus  of  this  sort  include  the  pursuit  pendulum  (5), 
pursuit  oscillator  (8)  and  various  other  pieces  of  equipment  em¬ 
bodying  the  general  design  principle  (1,  2,  4).  An  important  use 
has  been  in  tracking  studies  (7).  The  2d  type  is  arranged  so  that 
the  subject,  manipulating  controls  of  some  sort,  attempts  to  main¬ 
tain  a  single  fluctuating  indicator  in  some  predetermined  position. 
This  type  includes  the  Miles  pursuit  meter  (6)  and  a  number  of 
experimental  Air  Force  tests  described  elsewhere  (4). 

The  target  indicator  which  is  to  be  followed  or  adjusted  can  be, 
among  other  things,  a  needle  on  an  electric  meter,  a  motion 
picture  of  some  irregularly  moving  object  projected  on  a  screen,  a 
printed  line  on  a  paper  tape  moving  past  a  window  or  some  kind 
of  metal  plate  set  into  another  surface.  The  target  can  vary  m 
size  and  the  following  movement  called  for  can  vary  as  to  rate, 
direction,  amplitude,  regularity  and  pattern  from  a  simple  to  a 
very  complex  level.  Irregularity  of  movement  is  produced  » 
varying;  electrical  resistance  or  mechanically  by  systems  of  n tegu¬ 
lar  cams  anti  followers.  When  the  following  indicator  is  used  . 
can  be  a  stylus,  another  needle  or  pointer,  a  sl.der  or  a  beam 
projected  from  a  light  attached  to  a  mount.  When  no  follow, ng 
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indicator  is  used,  adjustments  are  made  mechanically  or  by  match¬ 
ing  resistances  through  movement  of  a  knob,  wheel  or  lever. 

The  scoring  of  performance  is  accomplished  in  several  ways.  A 
timer  can  record  the  total  duration  per  trial  of  stylus-target  con¬ 
tact  or  of  failure  of  such  contact  (1,  8).  Duration  of  contact  be¬ 
tween  stylus  and  metal  sides  of  path  can  be  measured  similarly  (2). 
In  electrical  systems,  differences  between  reference  point  and 
actual  position  of  needle  can  be  recorded  (6).  A  polygraph  can 
record  by  a  mechanical  system  the  position  of  target  and  follower 
(4)  and  discrepancies  can  then  be  measured. 

Certain  general  properties  of  the  apparatus  should  be  noted. 
Performance  is  definitely  paced,  in  that  the  apparatus  sets  its  own 
speed.  Rest  periods  can  be  introduced  as  frequently  as  desired  and 
they  can  be  as  long  as  is  felt  necessary.  Finally,  the  subject’s  free¬ 
dom  of  movement  can  be  restricted,  as  in  1  instance  in  which  a 
harness  was  used  to  stop  trunk  movements  (2). 

Calibration  and  apparatus  control.— No  large  scale  systematic 
studies  have  been  undertaken  with  this  apparatus.  Certain  possi¬ 
ble  variables  suggest  themselves:  shape  of  the  stylus  tip,  inertia 
of  the  system,  especially  when  it  is  mechanical  (7),  friction  in  the 
system  (7),  material  of  which  the  electrical  contacts  are  made, 
cleanness  of  the  surfaces,  stylus-target  friction,  size  of  the  stylus, 
weight  of  the  stylus,  width  and  depth  of  path,  size  of  target,  degree 
of  correlation  between  subject  and  follower  movements.  The 
effects  of  these  variables  need  to  be  studied  before  extensive  long 
range  research  is  undertaken,  and  definite  and  adequate  method^ 
must  be  worked  out  for  instrumental  calibration. 

It  is  well  known  that  there  are  large  differences  between  similar 
pieces  of  apparatus,  but  the  nature  and  effects  on  scores  of  these 
differences  are  not  known.  During  World  War  II,  circuit  variables 
were  found  to  decrease  considerably  the  reliabilities  of  certain 
kinds  of  apparatus,  and  these  were  discarded  (4).  General  checks 
on  the  movements  of  a  target  can  be  made  by  taking  motion 
Pictures  or  by  timing  cycles.  8 

Evaluation.- The  more  extensive  the  observations  made  during 
linear  pursuit,  the  more  likely  that  significant  behavior  will  be 
uncovered.  The  subject  can  be  watched  for  level  of  fine  and  gross 

rr0e  °krdZrofn"r;rinCreaSe  and  decrcase  in  "“*»  tensbnTd 

reaU  own  of  co-ordination,  especially  that  associated  with  pro- 
longed  work.  H.s  verbalizations  often  have  significance  Var  ous 
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ment  of  the  target.  Stereotypy  of  response  and  emotionality  have 
psychiatric  importance. 

Numerous  factors  influence  performance  and  must  be  taken 
into  account  when  it  is  evaluated.  Precision  of  movement  called 
for  is  important.  The  larger  the  target,  the  better  the  perform¬ 
ance  (1).  Better  performance  is  also  found  with  more  practice  (2), 
some  directions  of  movement  (2)  and  greater  distribution  of  prac¬ 
tice  (1,  8).  If  a  task  is  too  easy  or  too  hard,  its  reliability  may  be 
decreased.  From  work  with  other  skills  it  can  be  guessed  that  age 
and  sex  of  subjects  are  also  important,  as  is  the  freedom  of  move¬ 
ment  allowed. 

Several  linear  pursuit  tasks  were  found  by  Air  Force  investi¬ 
gators  (4)  to  have  odd-even  reliabilities  in  the  0.80’s  and  0.90’s 
and  to  have  a  statistically  significant  validity  in  the  selection  of 
air  crew  members.  In  addition  to  such  practical  use,  results  from 
such  tasks  have  also  influenced  the  form  of  behavior  theory  (3). 

Linear  pursuit  tasks  have  been  used  fairly  extensively  in  psycho¬ 
logic  research.  They  allow  the  controlled  study  of  motor  co-ordi¬ 
nation,  skills  acquisition  and  personality  variables  associated  with 

these. 
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Pursuit  Pendulum  Test 

WALTER  R.  MILES 


The  voluntary  motor  co-ordination  of  the  arm  may  be  measured 
by  requiring  the  subject  to  reach,  grasp  and  move  a  small  object 
into  specified  positions.  Another  type  of  arm  control  measurement 
provides  the  task  of  attempting  to  match  the  direction,  rate  and 
amplitude  of  motion  of  a  target  carried  by  some  mechanical 
device.  Tests  of  this  latter  sort  require  the  subject  to  execute 
pursuit  co-ordinations.  In  the  reach-placement  tests,  total  time 
and  accuracy  of  adjustment  are  taken  as  the  scores.  In  the  pursuit 
tests  time  is  a  constant,  since  the  subject  is  paced  by  the  mecha¬ 
nism,  and  the  score  represents  the  accuracy  with  which  the  subject 
manages  to  stay  on  the  target.  A  margin  of  error  factor  between 
the  co-ordination  positions  achieved  and  the  center  positions  of 
the  moving  target  is  usually  provided  for  in  the  score-registering 
method.  For  example,  in  the  pursuit  rotor,  when  the  stylus  held 
in  the  subject  s  hand  is  in  contact  anywhere  on  the  metal  target 
button,  an  electric  circuit  is  completed  through  a  clock.  The  score 
is  the  number  of  seconds  on  the  button  during  the  entire  test 
period.  The  diameter  of  the  button,  its  rate,  amplitude  and  direc¬ 
tion  of  movement  determine  the  difficulty  of  the  test.  This  should 
not  be  too  easy  nor  yet  too  hard. 

The  pursuit  pendulum  provides  the  target  of  a  small  moving 
stream  of  water  which  the  subject  endeavors  to  recover  in  cups  of 
narrow  diameter  in  successive  double  swings  (3).  For  good  success, 

ge,  we  1  timed  and  accurate  full  arm  movements  are  required 
This  test  is  the  progenitor  of  the  large  family  of  manual  pursuit 
tests  that  have  sprung  up  (1,  2).  Mechanically  it  is  less  compli 
cated,  more  simple  to  build  and  easier  to  keep  in  order  than  mat 
f  its  successors  and  is  recommended  in  these  terms.  It  is  not  put 

tag«  “  aH  pUrSUh  tests'  However,  it  has  its  advan- 

apparatus 

to  support  a  pendulu^  140  cm' tong  so  thaut  Wa"  '-S  arranSed 
over  a  shallow  sink.  The  pendulum, "made  of  SSJ 
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Fig  l —Diagram  of  the  pursuit  pendulum.  A,  wall  bracket;  B,  pendulum 
carrying  reservoir  E.  Gauge  F  determines  volume  of  liquid  in  reservoir.  G 
adjustable  weight  regulating  pendulum’s  period.  C  wooden  frame  clamp 
to  link  D.  Nozzle  H  of  pendulum  held  by  catch  K  against  rubber  tu  i  g  / 
until  released  by  fall  of  hammer  L,  hinged  at  M.  Short  section  of  chain  A 
determines  lift  of  hammer.  O,  cup  of  limited  diameter,  in  which  the  ex¬ 
pelled  liquid  is  to  be  collected  by  the  subject  under  test  P  position  at  which 
cup  C  is  held  at  start.  Q,  short-stop  for  ending  the  cate  . 
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(14  in.  inside  diameter),  midway  its  length  supports  a  reservoir 
(1  gal  galvanized  iron  can)  made  leak-tight  by  a  railing  Mange 
soldered  to  its  bottom.  Openings  are  made  in  the  pipe  shaft  just 
above  the  level  of  the  bottom  of  the  can  and  air  vents  placed  in 
the  pipe  above.  T  he  water  Mows  freely  from  the  reservoir  and  at 
the  lower  end  of  the  shaft  is  reduced  to  a  stream  3  mm  in  diameter 
by  a  small  brass  nozzle,  H  (Fig.  1). 

The  pendulum  has  a  2  sec  period  per  complete  cycle.  In  calibra¬ 
tion  the  period  is  adjusted  to  this  value  by  means  of  the  4  kg 
weight  G  with  2  1  of  water  in  the  reservoir.  Obviously  the  cycle 
duration  increases  slightly  as  the  head  of  water  decreases,  but  this 
change  is  too  small  to  be  of  consequence  for  the  test:  with  2  1  20 
d.v.  require  40.0  sec,  with  1  1  40.3  sec,  and  with  the  reservoir 
empty,  40.9  sec.  The  catch  mechanism  (Fig.  2)  by  which  the 
pendulum  is  held  in  a  deHected  position  is  so  placed  that  the  hori¬ 
zontal  excursion  of  the  nozzle  will  measure  70  cm.  This  is  a  fairly 
wide  amplitude,  but  most  adidts  can  follow  it  without  marked 
swaying  of  the  trunk  if  they  so  desire. 

The  head  of  water  and  size  of  the  orifice  have  been  arranged  to 
deliver  very  close  to  50  cc  per  double  swing.  With  2  1  in  the  reser¬ 
voir  the  1st  swing  released  50.4  cc  and  the  10th  succeeding  cycle 
49.7  cc,  indicating  that  for  accurate  testing,  water  should  be  added 
after  each  1 0  trials. 

The  cups  in  which  the  subject  catches  the  water  in  successive 
swing  cycles  are  made  of  thin  brass  tube  22  cm  long  and  19  mm 
(/4  in-)  inside  diameter.  Each  cup  weighs  about  78  g  and  the  open 
end  is  beveled  so  that  the  inside  rim  is  made  sharp.  The  cups  are 
arranged  in  banks  of  25  for  convenient  successive  use  in  the  test. 
Also  the  contents  of  a  total  bank  may  conveniently  be  poured  into 
an  inclined  trough  which  drains  into  a  2  1  graduate  for  measuring; 
the  total  score. 


PROCEDURE 

fnr?HP1KCedu  re  lsjimPle’  The  subJect  is  seated  on  a  stool  of  com¬ 
fortable  height  and  the  nature  of  the  test  explained.  He  is  to 

grasp  the  cup  a  little  above  center  between  the  tips  of  his  thumb 
and  fingers  and  hold  it  about  1  in.  below  the  level  of  the  pendulum 
ozzle  and  against  the  wooden  frame.  He  says  “Go”  to  signal  the 

d  back,  endeavoring  to  catch  as  much  water  as  possible  After 
be,ng  cannoned  not  to  slip  the  cup  over  the  nozzle  o  nt erf  r 

through  in  lairly  rapid  succession. 
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mately  5  min.  The  operator  will  quickly  learn  to  manage  the 
short-stop  (Q  in  Fig.  2),  holding  it  open  when  the  subject  begins 
and  later  quietly  turning  it  to  the  dotted  line  position  so  as  to 
end  the  catch  abruptly.  The  subject  will  get  his  operating  hand 
wet  and  should  have  a  cloth  towel  over  his  lap.  The  water  should 
not  be  cold.  Despite  this  rather  messy  aspect  of  the  test  it  is 


pIG  2. — Top  view  of  arrangement  for  retaining  and  releasing  the  pendu¬ 
lum.  H,  pendulum  nozzle  pressed  by  rubber  tube  /  to  form  leak-tight  closure; 
K,  hook  by  which  pendulum  is  held  in  position  until  K  is  depressed  by  ham¬ 
mer  L,  which  is  hinged  at  M;  short-stop  Qi  at  an  appropriate  time  is  turned 
into  position  2  in  order  to  cut  the  return  pursuit  slightly  short  and  allow 
space  in  which  the  experimenter  may  catch  the  pendulum. 


usually  attractive  to  subjects  and  elicits  interesting  remarks  from 
them  in  reference  to  their  co-ordination  attempts.  The  scores 
characteristically  show  very  rapid  learning  at  first  and  then  slower 
gains  as  more  refined  skill  is  developed.  Learning  continues  slowly 

even  after  20—25  tests. 

Representative  data.-A  sample  of  data  secured  with  the  pursuit 
pendulum  is  given  in  Table  1  (3).  The  subject,  a  young  man,  was 
well  practiced  in  the  test  and  served  in  an  alcohol  expenme  . 
After  a  light  lunch,  a  series  of  5  tests  was  made  at  intervals  of  30 
min  After  the  2d  test  the  subject  drank  I  1  of  fluid  which  on 
alternating  days  contained  27.5  g  of  ethyl  alcohol.  Following  this 
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the  test  was  repeated  3  times,  and  these  scores  are  compared  with 
the  pre-ingestion  scores  in  terms  of  averages  for  the  2  groups  of  5 
days  each.  A  bank  of  25  cups  was  used  in  each  test  and  the  total 
catch  was  used  as  the  score.  Since  the  top  possible  score  was 
25  x  50  =  1250  cc,  it  may  be  seen  that  as  an  average  for  the  pre¬ 
ingestion  periods  the  subject  was  performing  at  the  level  of  94%. 
The  intercomparisons  of  post-ingestion  with  pre-ingestion  scores 
and  of  alcohol  and  nonalcohol  test  periods  provides  the  differences 
53,  76  and  78  cc  which,  on  a  base  performance  of  1172  cc,  equal 
4.5,  6.5  and  6.7,  or  an  average  loss  after  alcohol  ingestion  of  5.9%. 


TABLE  1.— Pursuit  Pendulum  as  Test  of  Psychomotor  Function 
in  Normal  Man  after  Ingesting  Alcohol 


Successive  Half-Hour  Periods 


1 

2 

Drink 

3 

4 

5 

Cc 

Cc 

Cc 

Cc 

Cc 

Nov.  5 . 

1142 

1120 

1  i  h2o 

1115 

1145 

1120 

Nov.  8 . 

1170 

1152 

do. 

1176 

1191 

1185 

Nov.  19 . 

1190 

1184 

do. 

1192 

1200 

1190 

Nov.  21 . 

1190 

1178 

do. 

1178 

1140 

1148 

Nov.  22 . 

1200 

1180 

do. 

1200 

1193 

1192 

Av . 

1178 

1163 

1172 

1174 

1167 

11 

70 

+2 

+4 

-3 

Nov.  6 . 

1178 

1150 

1  1  HaO+27  5  g.  ale. 

1092 

1108 

1196 

Nov.  7 . 

1156 

1166 

do. 

1137 

1122 

1066 

Nov.  10 . 

1172 

1185 

do. 

1146 

1130 

1096 

Nov.  17 . 

1173 

1173 

do. 

1130 

1043 

1065 

Nov.  18 . 

1172 

1208 

do. 

1107 

1102 

1135 

Av . 

1170 

1176 

1122 

1101 

1092 

1173 

-51 

-72 

-81 

Alcohol  diff. 

53 

76 

78 

Base  comp,  norm 

1172 

1172 

1172 

Av.  alcohol  loss,  5.9% 

4.5 

6.5 

6.7 

Evaluation  .—Pursuit  tests,  since  they  set  a  rate  and  amplitude  of 
motion  for  patients  and  other  subjects  to  follow,  reveal  compara¬ 
tively  the  degree  of  success  of  the  individual  in  appropriately 
organizing  his  motor  co-ordination.  The  scores  on  such  tests  repre¬ 
sent  a  weighted  combination  of  the  factors  of  quickness  and 
accuracy  of  performance.  Not  only  reaction  times  and  reaction 
errors  but  also  the  co-ordinated  movements  which  follow  them 
enter  into  the  final  result.  The  pattern  of  repeated  action  may  be 
conveniently  observed  and  analyzed  in  such  examinations.  The 
pursuit  pendulum  is  a  simple  linear  test  of  this  general  class  It 
serves  as  its  own  dependable  timing  mechanism  and  requires 
minimum  attention  in  upkeep.  The  task  it  presents  is  more  diffi¬ 
cult  than  the  ordinary  subject  at  first  imagines. 
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D.  MANUAL  DEXTERITY 


Finger  Dexterity 

N 

H.  E.  KING  and  J.  CLAUSEN,  Columbia  University 


The  skilfulness  with  which  the  individual  is  able  to  perform 
co-ordinated  fine  finger  movements  is  often  a  matter  of  concern 
in  evaluating  over-all  motoric  condition.  Co-ordination  is  not, 
however,  a  general  ability,  but  is  found  to  be  rather  specific  to 
the  type  of  measure  which  is  applied.  A  simple  and  generally 
useful  measure  of  finger  dexterity  is  here  described  which  serves 
as  an  index  of  ease  and  speed  in  the  manipulation  of  small  objects. 

Heretofore  measures  of  this  sort  have  been  used  chiefly  in  the 
selection  of  workers  who  are  to  perform  tasks  requiring  speed  and 
skill  in  the  use  of  the  fingers.  However,  they  may  also  serve  a  useful 
purpose  in  the  detection  of  motor  disturbances  not  clearly  appar¬ 
ent  by  general  observation. 

The  work  sample  from  which  observations  are  to  be  made  must 
be  standard  for  all  subjects,  and  the  time  allowed  for  its  perform¬ 
ance  carefully  controlled  in  order  to  obtain  comparable  data. 

APPARATUS  AND  PROCEDURE 

The  Purdue  Pegboard*  is  a  low  cost  commercially  available  test 
which  affords  dexterity  measures  for  the  right  and  left  hands  indi¬ 
vidually  and  both  hands  used  together.  The  subject  is  required  to 
manipulate  small  pins,  collars  and  washers  in  a  fashion  designated 
by  the  examiner. 

The  subject  is  instructed  to  pick  up  pins,  1  at  a  time,  from  the 
supply  box  at  the  top  of  the  board  and  insert  them  in  a  row  of 
holes  extending  the  length  of  the  board.  This  is  1st  accomplished 
with  the  right  hand,  then  with  the  left  and  then  using  the  2  hands 
simultaneously,  with  a  time  limit  of  30  sec  for  each  of  these  tasks. 

Another  sequence,  performed  with  both  hands  simultaneously, 
requires  more  minute  finger  movements  in  the  assembly  of  pins 
small  washers  and  collars  into  a  specified  pattern.  Both  hands  are 

AsiodaSchlcago.  P''rdUe  ReSearCh  Foundati°"  by  Science  Research 
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used  all  the  time  in  an  alternating  fashion  which  permits  antici¬ 
pation  of  the  next  element  to  be  added  to  the  assembly.  One 
minute  is  allowed  for  the  construction  of  as  many  of  these  patterns 
as  possible. 

Scores  available  are  as  follows: 

Right  hand:  Number  of  pins  placed  with  the  right  hand  in  30  sec. 

Left  hand:  Number  of  pins  placed  with  the  left  hand  in  30  sec. 

Both  hands:  Number  of  pairs  of  pins  placed  during  the  30  sec  test  period. 
Right  plus  left  plus  both  hands:  A  composite  score  which  is  the  total  of  the  3 
foregoing. 

Assembly:  Number  of  parts  assembled  during  the  1  min  test  period. 

Evaluation— The  performance  of  a  given  subject  on  this  test 
may  be  compared  with  tables  of  normal  data  which  accompany 
the  test  and  which  have  been  published  elsewhere  (3).  These  values 
have  in  large  measure  been  drawn  from  an  age  group  of  approxi¬ 
mately  20-30  years,  which  presents  a  limiting  factor  in  making 
comparisons  for  subjects  of  various  ages.  Performance  under  J 
set  of  conditions  may,  of  course,  always  be  compared  directly  with 
performance  under  another  set  of  conditions  for  a  given  subject. 
The  most  reliable  score  is  the  total  score  for  3  administrations 
of  the  test  (reliability  coefficient  =  0.86).  When  the  3  trial  method 
of  scoring  is  used,  increases  in  score  resulting  from  practice  and 
familiarity  with  the  test  will  be  held  to  a  minimum. 

Individual  differences  in  finger  dexterity  are  to  be  expected. 
Some  sex  differences  are  also  apparent,  women’s  scores  being 
slightly  higher  than  those  of  men.  Comparisons  of  finger  dexterity 
data  with  available  norms  or  between  conditions  must  not  involve 
extraneous  factors  such  as  the  presence  of  drugs  or  conspicuously 
altered  general  physical  condition. 
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Small  Parts  Dexterity  Test 

JOHN  E.  CRAWFORD  and  DORATHEA  M.  CRAWFORD,  Wagner  College 


APPARATUS 


This  dexterity  test  is  designed  to  measure  fine  eye-hand  co¬ 
ordination.  It  is  arranged  in  2  parts.  Part  I  permits  the  subject  to 
demonstrate  his  dexterity  in  using  tweezers  to  insert  small  pins  in 
close-fitting  holes  in  a  metal  plate  and  to  place  small  collars  or 
washers  over  the  protruding  pins.  Both  pins  and  collars  are 
handled  only  with  the  tweezers.  Part  II  measures  the  subject’s 
dexterity  in  placing  small  screws  in  threaded  holes  in  a  metal  plate 
and  in  manipulating  a  screwdriver  in  turning  the  screws  down  to 
a  given  point.  The  screws  are  given  a  1-turn  start  with  the  fingers, 
then  the  screwdriver  is  applied.  The  average  subject  can  accom¬ 
plish  parts  I  and  II  in  about  15  min.  The  over-all  dimensions  of 
the  test  apparatus  or  panel  are  about  10X10X1  in.  This  in¬ 
cludes  the  metal  plate  and  its  adjoining  trays  for  pins,  collars  and 
screws,  arranged  in  a  fashion  most  convenient  for  assembly  work. 
At  the  left-hand  side  near  the  subject  are  the  holes  in  the  plate 
for  the  pins,  7  rows  of  6  holes  each,  1  row  to  be  used  as  practice. 
On  the  right-hand  side,  a  similar  arrangement  of  rows  of  threaded 
holes  provides  for  the  dexterity  test  with  the  36  screws.  A  con¬ 


venient  feature  of  the  test  apparatus  is  that  it  can  be  automatically 
disassembled.  By  lifting  the  metal  plate  the  pins,  collars  and 
screws  are  freed  so  they  may  be  easily  returned  to  their  respective 
trays  in  which  they  were  located  at  the  beginning  of  the  test. 

Test  administration. — If  one  wishes  to  compare  the  results  of 
such  tests  with  available  norms,  it  is  important  to  give  the  direc¬ 
tions  in  a  standard  manner.  The  demonstration  by  which  the 
examiner  shows  the  subject  what  he  is  to  do,  and  supervises  and 
criticizes  his  preliminary  practice,  should  also  be  of  a  standard 
nature.  For  example,  after  the  subject  has  filled  5  holes  by  placing 
a  pin  in  each  and  then  a  washer  on  the  pin,  thus  completing  the 
assembly  for  each  hole  before  proceeding  to  the  next  hole§  the 
examiner  should  say:  “That’s  right.’’  Then  he  should  say:  “There 
are  a  few  extra  pins  and  collars  here  so  if  you  happen  to  drop  1  or  2 
on  the  floor,  don’t  stop  tp  pick  them  up.”  If  this  instruction  is  not 
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given,  the  scrupulous  subject  may  complicate  his  time  score  by 
efforts  to  recover  an  item  which  he  has  tumbled  with  the  tweezers. 

Comparison  data.— Comparison  time  scores  for  each  part  of 
this  dual  test  are  available  from  data  secured  on  a  population  of 
470  adult  males.  These  men  were  seeking  industrial  employment 
and  were  unselected  as  to  education  and  previous  experience.  The 

TABLE  1.— Tentative  Norms  for  Crawford  Small  Parts  Dexterity  Test 


Part  II 
Screws 


Part  I 

Pins  &  Collars 
4'43"  or  less 
4'44"  to  5'46" 
5'47"  and  up 
3-8  min 


7 '31"  or  less 
7'32"  to  9'38 
9'39"  and  up 
4—14  min 


high 

average 

low 


extreme  range 


top  30%  have  been  classified  as  high,  the  bottom  30%  as  low.  The 
score  ranges  for  the  2  parts  of  the  test  are  given  in  Table  1.  The 
complete  test  equipment  with  spare  parts  and  manual  may  be 
secured  from  the  Psychological  Corporation,  522  Fifth  Ave.,  New 
York. 

Comment  by  Walter  R.  Miles 

A  large  portion  of  man’s  everyday  activity  is  concerned  with  manual  dex¬ 
terity.  Many  dexterity  tests  have  been  described;  doubtless  many  more  have 
been  used  that  have  never  been  described.  Those  mentioned  here  are  among 
the  better  standardized  and  more  commonly  used  of  these  tests.  For  the 
most  part  they  have  been  used  with  normal  subjects  in  selecting  the  more 
dexterous  and  screening  out  the  more  clumsy,  or  in  connection  with  studies 
of  learning  and  the  acquisition  of  skill.  They  may  not  be  the  most  ideal  or 
useful  for  work  with  pathologic  or  handicapped  groups.  However,  they  may 
be  helpful  toward  devising  something  more  appropriate  for  the  particular 

investigator’s  use. 

Tn  trpnpral.  there  aDDear  to  be  advantages  in  using  a  test  that  gives  the 
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the  time  required  to  do  a  job  is  commonly  considered  an  important  aspect 
of  job  efficiency. 

It  will  be  noted  that  in  the  tests  described  no  provision  is  made  for  an 
error  score.  This  does  not  mean  that  errors  will  not  be  made  by  some  sub¬ 
jects  while  executing  the  test.  Rather,  the  assumption  is  that  errors,  such 
as  they  are,  will  necessarily  be  corrected  before  the  test  is  completed,  after 
the  manner  of  the  instructions,  and  thus  the  errors  are  merged  into  the  total 
time  score.  Other  types  of  tests,  such  as  mirror  drawing  and  dart  throwing, 
emphasize  performance  errors  in  their  scores.  These  tests,  as  a  class,  are 
more  useful  for  examining  aspects  of  learning  and  the  acquisition  of  skill 
than  for  estimating  the  psychomotor  status  of  subjects.  For  the  latter  type 
of  use  it  is  assumed  that  tests  showing  a  minimal  practice  effect  are  the 
more  desirable. 


Hand-Tool  Dexterity  Test 

GEORGE  K.  BENNETT,  Psychological  Corporation,  New  York 


PROCEDURE 

The  subject  to  be  tested  or  examined  is  presented  with  a 
U-shaped  wooden  frame  which  in  over-all  dimensions  measures 
9  X  9  X  16  in.  On  the  left-hand  upright  portion  of  the  frame  are 
mounted  12  bolts,  4  each  of  3  sizes.  The  task  is  to  take  apart  the  12 
fastenings  according  to  a  prescribed  sequence  and  to  reassemble 
the  bolts,  washers  and  nuts  in  the  right-hand  upright  of  the  frame. 
By  the  performance  of  this  task  after  instruction  the  subject  dem¬ 
onstrates  his  proficiency  in  the  use  of  wrenches  and  screwdriver. 
The  total  time  required  to  remove  the  bolts  from  1  side  of  the 
frame  and  to  place  them  properly  in  the  other  is  the  score.  Based 
on  results  from  testing  applicants  for  mechanical  work  or  for 
training  in  such  work,  the  expected  score  range  is  4-12  min, 
median  6]/2  min.  When  the  test  has  been  completed,  turning  the 
frame  around  makes  the  apparatus  ready  for  repetition  of  the 
test. 

Evaluation.— This  type  of  manipulative  test  with  usual  tools 
under  a  standard  set  of  conditions  is  readily  accepted  by  subjects. 
The  test  has  been  used  extensively  in  industrial  plants  and  has 
been  found  to  correlate  with  foremen’s  ratings  to  the  extent  of 
0.40-0.50.  The  test-retest  correlation  is  0.91,  thus  indicating  high 
reliability.  In  industrial  applications  this  test  work  sample  has 
been  found  a  valuable  supplement  to  tests  of  mechanical  compre¬ 
hension  and  shop  arithmetic.  The  available  norms  are  based  on 
industrial  applicants,  but  the  test  is  suitable  for  use  with  a  wide 

variety  of  medical  patients  and  subjects. 

The  complete  test  equipment  and  a  manual  providing  instruc¬ 
tions  for  administration  and  norms  for  comparison  may  be  pro¬ 
cured  from  the  Psychological  Corporation,  522  Fifth  Avenue, 

New  York. 
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Quantitative  Analysis  of  Voluntary  Eye  Movements 

JOSEF  BROZEK,  University  of  Minnesota 


Eye  movements  are  the  resultant  of  a  complex  sensorimotor  activ¬ 
ity.  The  anatomic  and  neurophysiologic  features  of  the  ocular 
motor  system  have  been  discussed  in  detail  (28,  29,  13).  Research 
on  oculomotor  behavior,  studied  on  the  basis  of  photographic 
records  of  eye  movements  in  reading,  has  been  summarized  by 
Tinker  (33,  35). 

Several  investigators  utilized  eye  movements  while  reading  a 
paragraph  of  standardized  text  material  to  detect  deterioration 
under  various  types  of  strain,  such  as  prolonged  proofreading  and 
study  (14),  anoxemia  (23,  24),  reading  small  print  for  i/2  hr  while 
wearing  concave  lenses  (20),  lack  of  sleep  (12),  emotional  tension 
resulting  from  expecting  a  shock  (31)  or  exposure  to  high  places 
(37),  inadequate  illumination  ((21),  especially  p.  21),  and  conju¬ 
gate  or  convergent-divergent  movements  repeated  for  30  min  (22). 
In  our  laboratory  the  ophthalmographic  records  of  eye  movement 
during  reading  were  used  as  a  part  of  a  large  battery  of  tests 
designed  for  a  quantitative  evaluation  of  “fitness,”  especially  the 
neuromuscular  facet  of  fitness  and  its  deterioration,  in  experi¬ 
mentally  induced  thiamine  deficiency  (36). 

Tinker  (35),  commenting  on  the  fact  that  in  most  studies  the 
eye  movements  during  reading  proved  to  be  insensitive  indicators 
of  fatigue,  noted  that  usually  only  a  very  short  text  was  read.  This 
may  have  allowed  for  possible  compensation  of  deterioration  by 
increased  effort.  Second,  and  this  appears  to  be  the  critical  point, 
there  is  no  adequate  way  to  evaluate  precisely  the  degree  of  com¬ 
prehension  in  the  short  paragraphs  of  text  ordinarily  used.  The 
reader,  since  there  is  a  tendency  to  maintain  one's  oculomotor 

may  d  2  Pa™graphs  with  similar  eye  movements  but 
with  different  degrees  of  comprehension”  (p.  108  in  (35)) 

In  Hoffman's  (17)  study  of  eye  movements  during  4  hr  of  read- 
>ng,  some  “posttive"  results  were  obtained,  including  the  decrease 
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in  speed  of  reading  and  the  increase  in  blinking  rate.  There  was 
an  increase  in  the  variability  (measured  as  standard  deviation)  of 
the  number  of  fixations  per  line.  The  increase  in  average  number 
of  fixations  per  line  and  of  regressions  per  line  reached  the  level 
of  statistical  significance  only  at  the  8th  half-hour  of  the  reading 
period,  indicating  that  the  efficiency  of  eye  movements,  as  meas¬ 
ured  by  these  criteria,  was  little  affected  by  prolonged  reading. 
No  check  on  comprehension  was  made. 

Carmichael  and  Dearborn  (11)  extended  the  reading  period  to 
6  hr  and  checked  the  comprehension  of  the  material  read.  Thus 
the  2  conditions  specified  by  Tinker  for  using  eye  movements  as 
measure  of  fitness  and  fatigue  were  satisfied.  Surprisingly,  the 
prolonged  reading  brought  about  essentially  no  deterioration  in 
function  of  the  oculomotor  apparatus. 

The  consistency  of  eye  movement  measures  during  reading  text 
samples  of  50  words  was  found  to  be  low,  with  r  —  0.59-0.72  (18, 
19,  4,  1).  Tinker  (34)  found  similar  values  when  short  samples 
5-15  lines)  were  used.  Reliability  coefficients  rose  to  a  more  satis¬ 
factory  level  (about  0.80)  when  the  measurements  were  based  on 
text  samples  of  20-40  lines. 

The  insensitivity  of  the  eye  movements  in  reading  to  imposed 
stresses,  the  difficulties  involved  in  checking  comprehension,  plus 
the  ubiquitous  changes  resulting  from  practice  have  led  to  the 
development  of  a  testing  procedure  which  requires  simple  per¬ 
ception  rather  than  comprehension  and  in  which  the  duration  of 
the  test  performance  is  not  limited  by  the  character  of  the  stimu¬ 
lus,  such  as  the  length  of  the  text  used  in  the  reading  studies. 

The  principles  on  which  the  test  is  based  were  elaborated  by 
Dodge  (15).  His  subjects  were  asked  to  move  their  eyes  rapidly 
back  and  forth  through  an  arc  of  60°  in  the  horizontal  level.  A 
beam  of  light,  interrupted  at  a  known  frequency,  was  reflected 
from  the  cornea  onto  a  moving  photographic  plate.  The  continued 
“work”  resulted  in  some  decrease  of  speed  of  movement,  accuracy 
of  fixation  and  irregularity  of  the  line  of  movement.  These  changes 
were  noticeable  on  inspection  of  the  records  but  were  not  studied 

quantitatively. 

In  subsequent  studies  in  which  voluntary  ocular  movements 
were  studied,  the  speed  of  movement  was  used  as  the  primary 
criterion  of  performance.  The  technique  developed  at  our  lab¬ 
oratory  provides  for  a  quantitative  characterization  of  several  ot  ier 
important  eye  movement  characteristics. 


VOLUNTARY  EYE  MOVEMENTS 


201 


PROCEDURE 

The  standard  model  of  the  Ophthalmograph*  (2,  32)  is  used 
for  recording  the  eye  movements.  A  narrow  beam  ol  light  directed 
toward  the  cornea  is  reflected  from  the  corneal  surface  of  the 
eyeball  and  focused  on  a  35  mm  film  moving  at  1/2  iu./sec.  During 
lateral  movements  of  the  eyeballs  the  angle  of  the  incident  (and 
of  the  reflected)  light  changes  and  the  displacement  is  registered 
on  the  film. 

On  the  ledge,  designed  for  holding  a  text  sample,  a  white  card 
is  placed  containing  3  targets:  a  cross  in  the  lower  part  of  the 
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Fig.  1.  Schematic  analysis  of  an  eye  movement  cycle. 


vertical  midline,  used  for  measurement  of  steadiness  of  the  eyes 
during  prolonged  fixation,  and  2  black  dots  3  mm  in  diameter 
with  a  white  center,  used  as  targets  for  repeated  eye  movements 
from  1  point  to  the  other.  The  distance  between  the  dots  corre¬ 
sponds  to  a  visual  angle  of  about  14°. 

In  our  standard  testing  procedure  the  snhiertc  rp  ocl/  or!  frx 
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The  duration  of  continued  fixation  should  be  increased,  per¬ 
haps  to  1  min,  if  reliable  measures  of  steadiness  are  to  be  obtained. 
In  experiments  in  which  we  were  interested  not  only  in  character¬ 
izing  the  subject’s  fitness  on  the  basis  of  a  short  spurt  of  activity 
but  also  in  describing  his  endurance,  the  eye  movements  were 
continued  at  maximal  rate  up  to  5  min. 

Quantitative  eye  movement  characteristics.— A  schematic  analy¬ 
sis  of  an  eye  movement  cycle,  consisting  of  the  saccadic  (movement) 
phase  and  the  fixation  phase,  is  indicated  in  Figure  1. 

The  total  duration  (T)  of  a  cycle  consists  of  the  movement  time 

(n=BW)  and  fixation  time  (</>=£T').  The  extent  of  the  saccadic 
movement  is  indicated  by  the  distance  m—EE'  and  may  be  referred 
to  the  true  distance  ( d=RL )  between  the  right  and  left  target, 
determined  before  the  start  of  the  eye  movement  test  proper.  The 
larger  the  discrepancy  between  m  and  d,  the  less  precise  are  the 
saccadic  movements.  In  arriving  at  the  score,  the  differences  [m—  d] 
obtained  for  single  movements  are  averaged.  In  addition,  we  may 
average  the  m  values  and  calculate  the  difference  (  m—d ),  taking 
into  account  the  direction  of  the  difference,  indicative  of  the 
tendency  to  overshoot  or  undershoot  the  targets.  The  extent 
(range)  of  movement  during  “fixation”  (f=FE")  provides  a  cri¬ 
terion  of  precision  and  the  steadiness  of  fixation;  the  movement 
is  usually  in  1  direction,  but  at  times  jerky  movements  may  be 
observed.  In  all  instances  the  distance  between  the  limits  of  lateral 
movements  during  fixation  serves  as  a  score.  Two  other  scores  are 
used:  rate  of  movement  per  sec,  and  velocity  of  saccadic  move¬ 
ments.  ,  - 

The  time  parameters  of  the  eye  movements  were  expressed  in 

1/100  sec,  the  distances  in  degrees  of  visual  angle.  The  quantita¬ 
tive  characteristics  of  the  eye  movements,  their  units  and  the 
“desirable”  level  of  the  scores  are  indicated  in  Table  1. 


ruAPirTFRiOTCs  OF  Eye  Movements,  Their 


Characteristic 

Rate 

Fixation  time 
Movement  time 
Velocity  of  movement 
Absolute  discrepancy 

(true  vs.  traversed  target 
distance) 

Relative  discrepancy 
Extent  of  movement  during 


Units 

No.  of  movement 
fixation  c/sec 
1/100  sec 
1/100  sec 

Degrees  per  1/100  sec 
Degrees 


Degrees 

Degrees 


“Desirable”  Values 
Higher 

Lower 

Lower 

Higher 

Lower 


Lower 

Lower 


fixation 
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Two  actual  records  obtained  for  the  same  subject  at  the  start 
and  after  3  min  of  continued  back-and-forth  movements  are  given 
in  Figure  2. 


Fig.  2. — Sample  records  of  eye  movements  (total  sample  time,  6  sec) 
taken  at  the  start  (A)  and  after  3  min  (B)  of  continued  eye  movement  activity 
carried  out  at  maximal  rate. 


Analysis  of  eye  movement  records— The  film  was  projected  on 
a  20  X  20  in.  screen,  calibrated  in  tenths  of  an  inch.  The  enlarge¬ 
ment  factoi  was  chosen  so  that  the  distance  the  film  traversed  in 
1  sec  was  made  equal  to  10  in.  on  the  screen  (1/10  in.  =  1/100  sec). 
I  he  displacement  distances  were  measured  in  inches  and  con¬ 
verted  into  angular  values  (1/10  in.  =  14.4  min).  This  procedure 
yields  only  approximative  values  as  the  beam  of  light  is  not  dis¬ 
placed  by  a  constant  amount  throughout  the  sweep  of  the  eye. 
Within  the  range  used  in  our  standard  procedure  the  distortion 
was  negligible.  If  unusual  accuracy  is  desired  or  a  large  arc  is 
used,  the  displacement  can  be  calibrated.  In  view  of  the  individual 
differences  in  shape  of  the  cornea,  the  calibration  should  be  made 
for  individual  subjects. 

It  is  our  practice  to  analyze  sections  of  the  film  representing  the 
middle  6  sec  of  a  10  sec  period.  For  subjects  with  very  slow  eye 
movements,  the  sample  of  oculomotor  behavior  was  enlarged  to 
include  about  20  eye  movement  cycles. 

niIIn//!OWIng  rOUtine  Was  USed  in  measurement  of  the  records. 
Distance  d  was  measured  at  the  start  and  at  the  end  of  the  test 
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period.  Usually  there  was  no  difference.  When  the  difference  was 
small,  the  2  values  were  averaged.  On  a  rare  occasion  when  the 
differences  were  large,  indicating  that  subject  had  moved  his  head, 
the  record  was  discarded.  Next,  the  total  number  of  gross  move¬ 
ments  (movement-fixation  cycles)  within  a  given  period  of  time 
was  established.  The  movement  distance  (m),  duration  of  fixation 
((f))  and  extent  of  movement  during  fixation  (/)  were  determined 
for  each  movement  cycle.  Total  saccadic  time  was  obtained  by  sub¬ 
tracting  the  total  fixation  time  (E<f>)  from  the  total  time  occupied 
by  the  given  number  of  movement-fixation  cycles.  The  absolute 
discrepancies  (m—d)  were  computed  for  each  movement  and  aver¬ 
aged.  The  relative  discrepancy  (m—d)  was  calculated,  and  the 

saccadic  speed  (m/p.)  determined. 

Consistency  of  quantitative  characteristics  of  eye  movements.- 
The  data  on  consistency  were  obtained  in  6  successive  trials,  sep¬ 
arated  by  2-3  days.  Six  normal  young  men,  well  trained  in  the 
procedure,  served  as  subjects.  The  technical  details  are  presented 
elsewhere  (5).  The  coefficient  of  consistency  (rc)  is  based  on  ‘‘ran¬ 
dom”  variance  (VR)  and  the  average  interindividual  (‘‘within 
days”)  variance  (VwDft.  The  values  are  given  in  Table  2. 


TABLE  2.— Consistency  of  Ophthalmographic  Criteria  of 
in  6  Trials  Repeated  on  6  Subjects 

Criterion 

Rate 

Fixation  time 

Movement  time 

Velocity  of  movement 

Absolute  discrepancy 

Relative  discrepancy 

Extent  of  movement  during  fixation 


Performance 


rS 

0.98 

0.99 

0.72 

0.59 

0.62 

0.69 

0.89 


*r#=coefficient  of  consistency. 

The  consistency  values  are  far  from  being  identical  for  all  char 
acteristics.  Fixation  time  and  rate  of  movement  have  very  hig 
consistency.  The  consistency  of  the  extent  of  movement  during 
fixation  is  also  high,  whereas  that  of  movement  time :  is  very  loun 
In  general,  the  consistency  compares  favorably  with  he value 
obtained  for  several  ophthalmologic  (7)  and  visual  tests  (8). 

Sensitivity  of  eye  movement  characteristics  to .  tmposee 
As  an  illustration,  the  results  are  presenmd  which  w„e  obtained 

of  hTrdvisualworrinvottng  “cognition  of 


Vr 

+r°—  1  V»D  ' 


For  rationale  and  computation  methods  see  (6). 
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where  (10).  The  data  of  the  ophthalmographic  analysis  for  6 
subjects  are  given  in  Table  3. 

TABLE  S.-Chances  in  Ophthalmographically  Recorded  Eye  Movements 
after  2  Hr  of  Hard  Visual  Work  (2  F.C.)  _ _ 


Before  Work 

After 

Work 

Mean 

Diff. 

F-Test 

Mean 

SD 

Mean 

SD 

Rate 

4.4 

1.6 

3.6 

1.0 

—0.8 

9.30* 

Fixation  time 

18.2 

8.4 

21.8 

7.6 

-3.6 

23.87f 

Movement  time 

6.7 

1.3 

7.3 

1.0 

-0.6 

4.15 

Velocity  of  movement 

1.92 

0.46 

1.75 

0.26 

-0.17 

2.55 

Absolute  discrepancy 

1.44 

1  00 

1.37 

0.72 

+0.07 

0.18 

Relative  discrepancy 

(-0.82) 

1.44 

(-0.72) 

1.11 

+0.17 

1 .00 

Extent  of  movement 
during  fixation 

0.55 

0.22 

0.82 

0.34 

-0.27 

1 1.51* 

"Using  paired  variates,  the  value  of  F  at  the  5%  level  of  significance  is  F  —  6.61. 

tAt  1%  level  of  significance,  F  =  16.26. . .  ,  .  . 

The  signs  of  the  differences  indicate  the  “biologic”  direction  of  the  change:  deterioration 
( — )  or  improvement  (  +  ). 

The  most  striking  change  was  the  lengthening  of  the  fixation 
time,  reflected  also  in  the  decreased  rate  of  eye  movements,  and 
the  deterioration  of  co-ordination  as  measured  by  the  increase  in 
the  extent  of  the  movement  during  fixation.  The  increase  in 
movement  time  (and  decrement  in  the  velocity  of  movement)  did 
not  reach  the  level  of  statistical  significance. 

In  the  studies  reported  in  the  literature  the  speed  of  saccadic 
movements,  carried  out  at  an  imposed,  submaximal  rate  was  used 
as  the  principal  quantitative  criterion  of  oculomotor  perform¬ 
ance.  In  Miles’  (26)  study  on  eye  movements  at  the  onset  of  sleepi¬ 
ness  the  subjects  were  required  to  carry  out  40°  movements  at  the 
rate  of  80  movements/min.  The  speed  of  saccadic  movements  was 
decreased  until,  finally,  the  eye  movements  lost  the  sharp  distinc¬ 
tion  between  the  saccadic  phase  and  the  fixation  phase  and  rolled 
or  glided  back  and  forth  as  if  following  a  slow  pendulum.  Using 
the  same  technique,  Miles  and  Laslett  (27)  photographed  eye 
movements  of  5  college  students  who  went  without  sleep  for  66 
hr.  The  average  duration  of  saccadic  movements  increased  to 
about  1 16%  of  the  control  value. 

Specht  (30)  investigated  eye  movements  in  truck  drivers.  A  metro¬ 
nome  activated  the  relay  for  lighting  alternately  2  white  disks; 
the  visual  angle  through  which  the  eyes  moved  was  about  17°. 
The  data  obtained  at  96  reciprocations/min  were  reported.  The 
mean  values,  in  1/100  sec,  of  the  saccadic  intervals  for  the  nasal 
movement  for  subjects  who  did  not  drive,  drove  up  to  10  hr  and 
drove  more  than  10  hr  since  a  major  sleep  were  5.2,  5.8  and  5.5. 

n  a  qualitative  evaluation  of  the  accuracy  of  fixation  and  of  the 
regulamy  in  following  the  indicated  rhythm,  the  men  who  drove 
for  10  hr  or  more  made  more  errors  in  fixation  and  were  less  able 
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to  maintain  very  rapid  tempo  (192  reciprocations/min)  of  eye 
movements.  When  the  speed  of  saccadic  movements  was  deter¬ 
mined  in  42  typists  (22),  tested  at  the  start  and  at  the  end  of  the 
work  day,  the  average  saccadic  movements  were  slower  in  the 
evening  but  the  differences  were  negligible.  Relevant  though  less 
directly  related  to  the  problem  of  fatigue  are  the  studies  on  the 
eye  movement  effects  of  alcohol  (16,  25)  and  of  undernutrition  (3). 
Both  factors  residted  in  some  increases  in  the  duration  of  the 
saccadic  movements. 

Comment—  After  a  few  (2-6)  test  trials  during  which  the  sub¬ 
jects  stabilize  their  work  methods,  the  eye  movement  characteris¬ 
tics  show  little  effect  of  continued  practice.  The  repeatability  (con¬ 
sistency)  of  several  criteria  of  voluntary  oculomotor  performance 
is  high  to  very  high.  Interestingly  enough,  it  is  these  characteristics, 
exhibiting  a  high  degree  of  stability  under  standard  conditions, 
that  tend  to  be  sensitive  to  some  superimposed  physiologic  stresses, 
such  as  hard  visual  work.  The  refined  analysis  of  eye  movements 
provides  a  valuable  tool  for  experimental  work  on  an  important 
aspect  of  voluntary  motor  behavior. 
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F.  MOTOR  TESTS  OF  LABORATORY  ANIMALS 


Acquired  Psychomotor  Behavior  in  Rats 

WALTER  R.  MILES 


In  nutritional  and  other  studies  on  the  white  rat,  observations 
on  changes  in  motor  behavior  have  usually  been  of  a  qualitative 
sort.  While  quantitative  measurements  are  given  for  weight  and 
other  aspects  of  growth  and  development,  the  behavior  of  the 
animal  is  characterized  more  grossly.  Psychologists  have  made 
much  use  of  the  white  rat  in  experiments  on  maze  learning,  and 
it  seems  probable  that  some  of  these  laboratory  tasks  might  be  so 
used  as  to  be  of  service  in  various  medical  biologic  studies.  If  by 
means  of  a  simple  and  relatively  brief  learning  experiment  a 
group  of  rats  is  caused  to  acquire  a  psychomotor  pattern  of  re¬ 
sponse  under  a  given  set  of  conditions,  this  response  habit  may 
later  be  used  as  a  test  against  which  the  biologist  examines  various 
experimentally  controlled  physiologic  changes.  A  rat  given  an 
injection  of  some  substance  and  then  returned  to  its  cage  may 
engage  in  any  one  of  a  number  of  activities,  both  activity  and 
inactivity  are  normal  for  rats  in  their  living  cages.  However,  if  a 
rat  after  injection  is  placed  in  a  maze  with  which  it  is  familiar  and 
has  previously  acquired  the  habit  of  rapidly  running  to  food 
without  making  errors,  the  chances  are  good  that,  if  the  rat  is 
feeling  normal  or  about  so,  something  approaching  its  usual  re¬ 
sponse  of  running  through  will  take  place.  The  rapidity  of  run¬ 
ning  may  be  measured,  number  of  errors  counted,  retracings  noted 
and  eating  behavior  on  reaching  the  goal  may  be  observed.  By 
having  available  a  learned  psychomotor  task  to  which  the  animal 
can  be  introduced  the  biologist  adds  to  his  instrumental  means 
for  appraising  the  influence  of  some  factor  which  he  wishes  to 

The  task  situation  should  be  kept  as  nearly  standard  as  possible. 
The  same  maze  should  be  used,  in  the  same  orientation  and  envi¬ 
ronment,  the  same  attendant  should  manipulate  the  animals,  an 
unusual  noises,  movements  or  other  distractions  should  be  guarded 
against.  The  amount  of  hunger  drive  should  of  course  e  con- 
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trolled,  as  also  the  time  of  day  when  tests  are  made,  since  drive 
varies  with  feeding  rhythm  and  rats  tend  to  be  more  active  at 
night  than  during  the  day.  Between  experimental  tests  the  animal 
should  be  given  trial  runs  under  standard  conditions  to  keep  the 
habit  in  good  working  order.  In  the  acquiring  of  such  a  response 
individual  differences  are  to  be  expected,  both  in  speed  and  accu¬ 
racy  as  well  as  in  other  aspects  which  the  investigator  may  observe. 
Some  of  these  differences  will  persist  and  be  evident  in  the  repeti¬ 
tions  of  the  habit  after  the  major  learning  phase  has  been  accom¬ 
plished.  There  are  also  differences  due  to  age,  the  amount  of 
handling  that  the  animal  has  had  and  its  experience  in  working 
on  other  mazes  or  problem  boxes.  Most  generally  it  will  be  found 
advisable  to  train  about  twice  as  many  rats  as  are  to  be  used  at 
any  1  time  in  the  type  of  experiment  contemplated,  so  that  ap¬ 
proximately  half  of  the  trained  group  may  be  used  as  controls. 
The  total  size  of  the  group  to  be  trained  depends  on  the  type  of 
work  undertaken,  on  the  order  of  magnitude  of  the  expected 
change  in  behavior  and  on  the  degree  of  statistical  assurance  of 
positive  results  which  the  investigator  demands  of  his  work.  Prob¬ 
ably  as  a  minimum  30-40  animals  should  be  trained  for  such 
experimental  studies. 

ELEVATED  MAZE  APPARATUS 

The  elevated  skeleton  maze  constitutes  a  suitable  equipment 
for  observing  such  aspects  of  behavior  as  stance,  type  of  gait, 
running  speed,  equilibrium  control,  psychomotor  memory  and 
eating  habits  of  the  laboratory  rat  (3).  This  maze  is  composed  of 
hurdle-like  frames  which,  when  set  together,  constitute  a  pattern 
of  straight  sections  and  right  angle  turns  along  the  top  of  which 
the  animal  finds  its  way  from  a  starting  position  to  a  goal  position, 
where  food  is  to  be  had  from  a  small  receptacle.  The  horizontal 
top  part  of  each  unit  is  made  of  1  wooden  strip  1  in.  wide,  in. 
thick  and  36  in.  long  supported  30  in.  above  the  floor  by  2  pieces  of 
the  same  material.  Thus  the  elevated  path  corresponds  to  ordinary 
table  height.  Each  upright  has  a  4  X  6  in.  base  block.  The  horizon¬ 
tal  bar  projects  3  in.  beyond  the  supports  at  each  end  so  that  the 
base  blocks  will  clear  each  other.  Two  thin  diagonal  braces  make 
the  unit  sufficiently  rigid.  The  floor  should  be  even  to  reduce  lateral 
vibration  and  teetering.  The  units  are  to  be  stood  together  side 
to  end  to  form  a  T-type  pattern.  By  slightly  leaning  the  side  of 
1  unit  against  the  end  of  another,  the  assembled  structure  will  be 
sufficiently  rigid  to  invite  the  explorations  of  the  rat.  The  hori¬ 
zontal  bars  should  be  heavily  coated  with  shellac  to  facilitate  wash- 
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ing  them  to  remove  odorous  material.  In  Figure  1,  pattern  IV, 
19  such  unit  frames  are  illustrated  arranged  in  the  form  of  a 
large  T-maze.  A  rat  exploring  along  the  top  of  this  structure 
meets  14  T-choices  and  1  L-choice.  There  are  15  blinds  or  culde- 
sacs,  each  nearly  18  in.  long.  The  open  space  between  adjoining 


parallel  paths  is  about  18  in.  Most  of  the  runways  between  turns 
are  18  in.  long,  but  1  is  3  ft  and  2  are  4i/2  ft  where  units  are  joined 
end  to  end. 

The  units  of  the  elevated  skeleton  maze  may  be  easily  fastened 
together  to  form  a  more  rigid  structure  by  use  of  small  metal  strips 
or  blocks  underneath  the  joining  points  if  the  behavior  of  the 
animals  appears  to  require  more  rigidity.  However,  there  are  prac¬ 
tical  advantages  in  just  setting  the  units  together  to  form  the  path 
desired.  This  condition  lends  itself  well  to  modifications  in  the 
pattern.  The  same  units  may  be  formed  into  a  path  that  is  the 
mirror  image  of  1  that  has  been  used;  the  sections  which  make  up 
the  true  path  may  be  shortened  or  lengthened;  hazards  such  as 
gaps  in  the  path  may  be  introduced,  and  so  on.  If  the  experimenter 
wishes  to  assure  himself  that  the  animals  are  not  following  the 
true  path  by  sense  of  smell,  he  can  quickly  turn  each  unit  end  for 
end  Lid  thus  introduce  into  the  true  path  portions  that  hate 
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previously  been  used  as  blind  ends.  Patterns  varying  considerably 
in  length,  in  number  ol  turns  and  more  or  less  in  outline  can  be 
readily  formed  with  units  of  the  elevated  maze.  A  further  advan¬ 
tage  of  the  loosely  assembled  maze  is  that  between  trials  it  may 
be  stacked  compactly. 

Critique.- The  elevated  skeleton  maze  as  compared  with  en¬ 
closed  mazes  offers  certain  advantages  for  observing  the  psycho¬ 
motor  behavior  of  animals  tested.  (1)  The  most  obvious  advan¬ 
tage  is  that  of  visibility  for  the  observer  and  the  ready  opportunity 
of  making  motion  picture  records,  if  desired.  T  he  1  in.  elevated 
path  is  sufficiently  wide  for  large  adult  rats  to  run  with  ease  after 
they  have  become  habituated  to  it.  They  can  turn  around  without 
special  difficulty  at  the  ends  of  blinds,  and  sometimes  stand  up  on 
their  hind  feet.  Two  400  g  male  rats  can  pass,  1  burrowing  under 
the  other.  (2)  The  narrow  elevated  path  requires  more  of  the  rat 
in  the  way  of  motor  co-ordination  than  is  necessary  when  running 
along  enclosures.  On  the  narrow  path  the  animal  grips  the  edges 
of  the  runway  with  its  feet.  A  certain  amount  of  balancing  co¬ 
ordination  is  called  for.  The  tail  is  used  in  these  efforts,  especially 
by  animals  that  are  weak  or  off  their  normal  condition.  Animals 
almost  never  attempt  to  climb  down,  and  falls  are  rare,  even  in 
blinded  animals,  unless  alcohol  or  some  other  agent  producing 
in-co-ordination  is  used. 

Many  of  the  rats’  “random  exploring  movements”  are  elimi¬ 
nated  or  reduced  by  the  narrow  path.  This  fact  operates  to  de¬ 
crease  the  running  time,  to  make  the  error  scores  and  time  scores 
more  uniform  and  comparable,  and  thus  increases  the  investi¬ 
gator’s  confidence  in  his  measurements  and  observations,  as  well 
as  economizing  his  own  experimental  time. 


T  he  elevated  path,  since  it  is  free  from  shadows,  does  not  require 
elaborate  overhead  lighting.  The  path  is  easily  kept  clean.  Re¬ 
versals  or  interchanges  of  sections  are  readily  made,  and  hazards 
oi  modifications  which  tend  to  break  up  the  acquired  routine 
habit  are  simply  introduced.  The  experimenter  will  become  aware 
of  the  distraction  caused  by  rattling  keys,  shuffling  papers  and 
moving  about  the  room  when  the  rat  is  working  thus  in  the  open 
and  above  board.  Accurate  timing  and  observation  of  behavior 
is  possible  with  the  skeleton  maze  without  the  observer’s  moving 
about  in  the  room,  and  removal  of  the  animals  from  the  goal 
position  is  facilitated.  If  desired,  full  observation  may  be  made 
through  a  small  opening  in  a  screen,  since  the  visibility  of  the 
experimenter  may  in  some  cases  be  a  disadvantage.  Pre-training 
is  conveniently  done  by  placing  2  or  3  units  of  the  maze  st,  uaurf 
next  to  an  ordinary  laboratory  table  on  which  1  or  more  rats  are 
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free  to  move  about.  Through  their  exploratory  tendency  they 
will  quickly  learn  to  walk  out  on  the  structure  and  so  become 
familiar  with  it  and  confident  before  being  introduced  to  the 
learning  problem  that  is  to  establish  the  psychomotor  habit  for 
biologic  testing  use. 

Comparison  data.— Elevated  skeleton  maze  pattern  IV  (Fig.  1) 
was  used  for  a  primary  learning  experiment  on  38  rats  in  normal 
health,  varying  in  age  from  3  to  8  months  and  with  approximately 
equal  numbers  of  males  and  females.  One  trial  run  was  given 
per  day,  with  a  24  hr  hunger  drive  (4).  They  were  fed  each  evening 
after  learning  trials,  sufficient  being  given  so  that  they  would  gain 
weight  quite  slowly.  A  small  bit  of  Steinbach  diet  fed  as  a  wet  mash 
was  the  goal  at  the  completion  of  each  attempt.  All  the  animals 
were  entirely  without  previous  maze  experience,  and  no  obstruc¬ 
tions  to  retracing  were  used.  Since  the  blinds  approximate  3  times 
the  body  length  of  the  rat,  partial  entrance  was  not  counted  as 
an  error.  However,  if  all  4  feet  were  seen  to  be  within  the  blind, 
an  error  was  counted  even  though  the  animal  did  not  go  to  the 
extreme  end  of  the  blind.  The  criterion  of  learning  was  3  perfect 
errorless  runs  out  of  4  consecutive  trials,  or  days.  One  rat  fulfilled 
this  criterion  on  the  8th  trial,  and  the  last  or  slowest  learner  on 
the  31st  trial.  The  average  for  the  group  was  18.7,  SD  9.8.  The 
average  for  total  errors  made  during  learning  was  64.7  (range 
19-128),  SD  25.8,  and  for  total  time  required  was  about  57  min 
(range  9.45-145),  SD  8.7.  The  length  of  the  training  period  in  days 
may  of  course  be  shortened  by  giving  the  animals  2  or  3  trials 


P  Maze  pattern  III  (Fig.  1)  is  of  a  convenient  size  and  complexity 
to  use  as  a  psychomotor  test  for  rats  being  subjected  to  some 
experimental  variable.  This  pattern  is  made  up  of  1 1  sections 
there  are  8  T-form  choice  points  and  8  blinds.  The  true  pa 
length  is  20  ft,  and  there  are  2  places  in  it,  each  4i/2  ft  long,  that 
give  especially  good  opportunities  to  watch  and  appiaise  gai 
and  balancing  ability.  Given  3  trials  per  day  to  reach  a  criterion 
of  3  errorless  trials  in  4  consecutive  attempts  the  average  normal 
rat  achieves  this  level  of  mastery  on  the  5th  day.  At  this  .  g 
of  learning  the  average  time  required  from  the  moment  o£  Placl  | 
t  ”  at  the  start  until  ,t  reaches  the  food  cup ,  is  about l  22 

sec.  A  comparison  of  elevated  maze  learning  by ■*££*B™* 

ing  criterion. 
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After  the  learning  criterion  has  been  reached  farther  trials 
should  be  given  to  provide  skill  by  overlearn.ng  so  that  the  habit 
will  be  better  stabilized  for  use  in  other  connections. 

The  experimenter  must  be  prepared  for  some  rather  frustrati  g 
delays  in  the  early  trials  of  learning  of  rats  when  they  are  is- 
coverino-  that  the  maze  is  something  to  run  over  for  getting  a 
reward  01).  The  movements  of  the  rats  at  this  stage  are  rather 
sslow,  and  frequent  entrances  and  explorations  of  blinds  to  their 
very  ends  may  seem  stupid  and  unnecessary  in  a  sighted  animal. 
However,  following  the  random  behavior  that  is  characteristic  at 
first  appears  the  evidence  of  developing  skill.  Usually  after  4  or  5 


TABLE  1.— Comparison  of  Maze  Learning  of  Blind  and  Sighted  Rats* 


No.  and  Group 

Attempts 

Errors 

Retraces 

TlMEt 

35  Sighted— experienced 
Average 

Range 

13.7 

5-38 

23.5 

7-68 

4.5 

0-24 

22.4 

11-66 

6  Blind— learned:}: 

26.0 

10-67 

14.0 

11-18 

Average 

Range 

17.5 

7-39 

2.5 

0-8 

6  Blind— experienced§ 

49.5 

6.0 

20.7 

Average 

25.5 

Range 

16-50 

28-102 

0-11 

14—35 

16  Blind— inexperienced|| 

46.6 

13.6 

26.7 

Average 

26.4 

Range 

15-76 

18-152 

6-27 

15-57 

"All  data  are  from  learning  pattern  III,  elevated  maze. 

tSeconds  required  to  traverse  the  maze  on  the  last  perfect  attempt  which  completed  the 
learning  criterion. 

JThese  6  rats  had  thoroughly  learned  the  maze  before  blinding.  They  were  put  back  on 
the  maze  1  wk  after  being  blinded  and  required  the  indicated  number  of  attempts,  errors 
and  retraces  to  relearn. 

§Had  been  used  with  an  alley  maze  of  same  path  length  and  succession  of  turns  but 
never  with  the  elevated  maze  before  blinding. 

IINever  had  maze  experience  until  after  being  made  blind. 


trials,  running  takes  the  place  of  walking  and  the  blinds  are  less 
frequently  traversed,  especially  those  near  the  position  of  the  food. 
Later,  the  stance  and  speed  of  the  animal  in  its  running,  its 
preparatory  swing  of  the  body  for  turns,  the  cutting  of  corners 
and  the  sudden  deceleration  near  the  position  of  the  food  will 
impress  the  experimenter  as  an  exhibit  of  motor  skill.  The  animal 
has  now  acquired  a  psychomotor  response  pattern  that  is  stable 
and  quite  reliable  under  normal  conditions  (1,  10). 

Comment  by  Neal  E.  Miller 

When  animals  are  strongly  motivated  and  at  the  peak  of  their  performance 
they  seem  to  have  a  considerable  ability  to  compensate  for  disturbing  effects 
so  that  the  results  of  an  experimental  procedure  may  be  obscured.  If  theii 
level  of  performance  is  reduced  by  greatly  reducing  the  drive  motivating  the 
habit  used  as  a  test,  or  by  partially  extinguishing  that  habit  through  a  series  of 
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nonrewarded  trials,  the  sensitivity  of  the  test  may  often  be  greatly  increased. 
By  thoroughly  training  the  animals  first,  the  variability  due  to  unfamiliarity 
with  the  situation  is  reduced;  by  satiating  or  extinguishing  them  after  this 
training,  a  weaker  response  is  secured  that  is  easier  to  disrupt.  Thus  Miller 
and  Miles  (5)  found  that  the  difference  between  an  experimental  group  of 
rats  given  injections  of  alcohol  and  a  control  group  given  injections  of 
normal  saline  was  much  greater  when  the  rats  were  tested  during  a  series 
of  nonrewarded  trials  on  a  maze  than  when  they  were  tested  during  re¬ 
warded  trials.  In  other  words,  the  depressing  effects  of  alcohol  were  much 
more  obvious  when  the  animals  were  slowed  down  somewhat  by  non¬ 
rewarded  trials.  Similarly  Miller  and  Miles  (6)  found  that  the  stimulating 
effects  of  caffeine  did  not  show  up  when  the  rats  were  already  running 
practically  as  fast  as  they  could,  but  appeared  quite  strikingly  when  they 
were  slowed  down  by  satiation  of  the  hunger  drive  motivating  their  running 
or  by  nonrewarded  trials. 

A  variety  of  techniques  have  been  devised  for  studying  the  spontaneous 
activity  of  animals.  An  excellent  survey  is  given  by  Reed  (7).  It  should  be 
noted  that  although  each  of  the  techniques  may  be  quite  reliable  by  itself, 
the  correlation  between  different  techniques  may  not  be  high.  This  suggests 
that  measures  of  spontaneous  activity  in  animals  are  a  function,  in  part  at 
least,  of  the  specific  techniques  used  to  secure  them. 

Skinner  (8)  has  simplified  Thorndike’s  original  problem  box  and  devel¬ 
oped  it  into  a  useful  measuring  technique.  The  hungry  rat,  or  other  animal,  is 
confined  in  a  small  place  with  a  lever  and  a  food  dish.  Pressing  of  the  le\er 
delivers  a  pellet  of  food  into  the  dish.  (Other  drives  such  as  thirst  and  other 
rewards  such  as  water  may  be  used.)  The  animals  readily  learn  to  press 
the  bar.  After  the  animals  have  learned,  the  test  can  be  made  more  sensi¬ 
tive  by  changing  the  apparatus  so  that  the  food  delivery  mechanism  is  set 
only  once  every  5  min  (other  shorter  intervals  may  also  be  used).  This 
means  that  every  act  of  bar-pressing  is  recorded  on  a  counter  but  that  only 
the  1  pressure  that  occurs  after  the  food  delivery  mechanism  had  been  set 
is  rewarded  bv  food.  Since  the  rats  cannot  accurately  discriminate  the 
temporal  interval,  they  tend  to  press  the  bar  at  a  more  or  less  continuous 
rate.  This  rate  has  been  shown  to  be  a  sensitive  measure  of  factors  such  as 
changes  in  the  strength  of  drive  and  the  effects  of  drugs.  Typical  studies  are 
those  by  Heron  and  Skinner  (2)  on  changes  in  hunger  during  starvation  and 
by  Skinner  and  Heron  (9)  on  the  effects  of  caffeine  and  Benzedrine  on  con¬ 
ditioning  and  extinction.  .  ,  ,  ,  • 

Skinner  conceals  his  animals  in  a  soundproof  box.  It  .s  believed  tha 
technique  would  be  more  useful  if  a  large  window  were  provided  to  allow 
adequate  direct  visual  observation  of  the  animal. 
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Outline  on  Training  and  Habituation  of  Rats  for 

Laboratory  Work 

NEAL  E.  MILLER,  Yale  University 


I.  Taming 

A.  Selection  of  tame  strain,  i.e.,  Sprague-Dawley  rats  (Madi¬ 
son,  Wis.). 

B.  Easier  to  tame  when  young,  especially  before  adolescence. 

C.  Rats  should  not  be  rewarded  for  struggling  by  allowing 
them  to  escape;  handle  with  firmness  and  inevitability. 
Better  be  somewhat  rough  than  wishy-washy.  Pick  animal 
up  by  body  rather  than  by  tail.  If  animal  is  adequately 
tamed,  experimenter  should  not  have  to  use  gloves. 

D.  Associate  immediate  reward  with  handling. 

1.  Remove  water  supply  of  rats  for  2  days,  then  give 
them  brief  drink  each  time  picked  up.  (Thirst  does  not 
seem  to  motivate  as  much  biting  as  does  hunger.) 

2.  After  a  feeding  cycle  is  established,  associate  feeding 
with  handling  and/or  exploration. 

E.  Discard  any  animals  that  are  emotional  or  hard  to  tame 
during  training  procedure  before  they  are  divided  into 
different  experimental  groups. 

II.  Habituation 

A.  The  general  principle  is  that  no  major  element  of  the 
apparatus  or  general  stimulus  situation  should  be  un¬ 
familiar  to  the  animal. 

1.  Before  being  used  on  elevated  mazes,  rats  should  be 
taught  to  walk  on  elevated  strips  by  being  placed  on 
one  when  hungry,  with  pellets  of  food  at  short  inter¬ 
vals. 

2.  Animals  must  be  habituated  to  going  through  curtains, 
doors  and  other  unusual  features  of  apparatus. 
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3  Rats  must  already  have  learned  to  eat  the  same  kind 
of  food  that  will  be  used  for  a  reward  in  the  same 
general  context.  Rats  used  to  eating  large  pellets  will 
not  immediately  start  eating  small  pellets  of  the  same 
kind  of  food,  and  when  they  first  do  start  tentative 
eating,  it  will  not  serve  as  a  strong,  immediate  reward. 
Similar  precautions  are  essential  with  various  water- 
delivery  devices. 

4.  If  animals  are  to  be  used  in  classroom  demonstration, 
they  should  be  habituated  to  sights  and  sounds,  such 
as  rustling  of  papers,  to  which  they  will  be  exposed 
during  the  demonstration.  Ideally,  animals  should  be 
habituated  to  same  apparatus  in  same  room  by  expos¬ 
ing  them  to  more  distraction  than  they  will  meet  dur¬ 
ing  the  demonstration. 

III.  Use  of  Drives  in  Experiments 
A.  Hunger 

1.  Rats  should  be  fed  on  a  qualitatively  adequate  but 
quantitatively  reduced  diet  that  keeps  them  10—20% 
underweight;  with  young  rats  this  means  10-20% 
under  their  normal  growth  curve. 

2.  Rats  must  be  accustomed  to  feeding  rhythm  at  least 
3  days  before  an  experiment.  This  factor  is  at  least  as 
important  as  food  deprivation. 

3.  When  a  number  of  rats  are  kept  together  in  the  same 
cage,  a  convenient  way  of  limiting  the  food  intake  is 
to  remove  the  water  and  give  them  all  of  the  dry  food 
they  want  for  about  1  hr.  Then  remove  the  food  and 
restore  the  water.  Thirst  wall  stop  rats  from  eating 
too  much  and  prevent  dominant  animals  from  secur¬ 
ing  all  of  the  food.  Keeping  animals  in  separate  cages 
and  feeding  enough  to  maintain  a  specified  weight  is  a 
more  exact  method. 

4.  An  adequate  reward  for  most  types  of  maze  running 
is  a  pellet  about  the  size  of  a  pea  made  of  ground  lab 
chow  moistened  with  water.  When  animals  are  being 
mn  on  a  long  experiment  with  severe  food  deprivation, 
it  may  be  desirable  to  add  about  \/A  teaspoonful  of 
yeast  and  i/2  teaspoonful  of  cod  liver  oil  to  each  cup  of 
ground  lab  chow  so  that  they  receive  a  little  extra 
vitamins  with  their  reward.  If  animals  are  run  more 
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than  15  trials  a  day  on  an  easy  task,  the  size  of  the 
reward  should  be  smaller.  In  a  Skinner  bar-pressing 
type  of  apparatus,  a  pellet  0.156  in.  in  diameter  is 
sufficient.* 

B.  Thirst 

1 .  Thirst  varies  with  humidity;  1-2  days  of  water  depriva¬ 
tion  will  produce  a  strong  drive.  In  New  Haven,  Conn., 
thirst  varies  far  more  with  changes  in  humidity  than 
hunger  does  with  changes  in  temperature. 

2.  From  2  to  3  sec  of  drinking,  or  1-3  drops  of  water  is  an 
adequate  reward  for  rats  on  most  tasks.  The  amount 
of  drinking  must  be  kept  small  if  several  trials  are  to 
be  given  in  the  same  day,  because  thirst  seems  to 
become  satiated  more  rapidly  than  hunger. 

3.  Thirst  interferes  with  hunger;  if  rats  are  thirsty 
enough,  they  will  not  eat. 


•Pellets  of  this  size  will  be  made  up  by  P.  J.  Noyes  Co.,  Lancaster,  N.  H 
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Methods  for  Study  of 
Peptide  Structure 

associate  editor  —  Choh  Hao  Li 


INTRODUCTION 

It  is  now  well  known  that  certain  hormones,  enzymes  and  viruses 
are  proteins.  Since  the  degradative  products  of  proteins  consist 
of  amino  acids  and  peptides,  it  follows  that  some  of  the  biologically 
active  compounds  occurring  in  nature  are  peptides.  For  example, 
peptide  fragments  obtained  from  the  partial  hydrolysate  of  adreno- 
corticotrophic  hormone,  a  protein  of  molecular  weight  20,000, 
possess  adrenal-stimulating  activity  (26,  27). 

There  are  many  naturally  occurring  peptides.  According  to 
Synge  (42),  they  may  be  classified  in  3  main  groups:  (a)  found  in 
animals  or  higher  plants;  (b)  found  exclusively  in  fungi  and  re¬ 
lated  micro-organisms;  (c)  found  exclusively  in  bacteria.  Table  1 
summarizes  the  known  peptides  occurring  in  nature  according  to 
their  biologic  functions. 

The  study  of  peptide  structures  is  important  for  the  under¬ 
standing  of  their  biologic  characteristics  and  for  elucidating  the 
structure  of  proteins.  During  the  past  few  years,  it  has  become 
increasingly  evident  that  the  usual  methods  of  handling  proteins 
were  not  always  applicable  to  the  study  of  peptides.  It  is  the  pur¬ 
pose  of  this  section  to  present  certain  experimental  techniques 
used  in  the  investigation  of  peptide  structure. 

/i ml16  PapC1  chromatography  of  Consden,  Gordon  and  Martin 
(10)  has  proved  very  useful  for  the  study  not  only  of  amino  acids 
but  of  peptide  mixtures.  Consden  and  his  co-workers  (11),  using 
2-way  partition  chromatograms  of  unfractionated  partial  hydroly 
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sates  of  gramicidin  S,  identified  4  dipeptides  and  2  tripeptides. 
From  these  results  they  were  able  to  establish  the  sequence  of  the 
amino  acid  residues  in  gramicidin  S. 

Other  chromatographic  methods  are  also  applicable  to  the 
separation  and  identification  of  peptides.  Borsook  et  al.  (5)  ob- 


TABLE  1.— Summary  of  Biologically  Active  Peptides 


Antibiotics 
Gramicidin 
(19,43) 
Tyrothricin 
(19)  # 
Tyrocidin 
(19,45) 

Subtilin  (13,21) 


Lycomarasmin 

(35, 52) 


Amanitine  (49) 
Phalloidine  (50) 
Polymyxins  (29) 
Licheniformin 

(7,8) 

Bacitracin 

(3,22) 

Penicillins  (9) 
Ergot  alkaloids 
(41,48) 


Enzymes 

trypsin  inhibitor 
(25) 


pepsin  inhibitor 
(18) 


Hormones 
secretin  (1,2) 


angiotonin 
(hypertensin 
(14,  36)) 
posterior 
pituitary 
hormones 
(20, 28) 

adrenocortico- 
trophic  hor¬ 
mone  (ACTH) 
(23, 26) 


Vitamins 

streptogenin 

(40,51) 


pteroylglutamic 
acid  (24) 


tained  a  peptide  fraction  from  liver  in  a  starch  column.  Starch 
column  chromatography  was  described  in  detail  by  Moore  and 
Stein  (31-33)  The  charcoal  adsorption  column  introduced  by 
Tiselius  (46)  appears  promising  for  separation  of  peptides.  Synge 
and  Tiselius  (44)  showed  that  adsorption  analysis  on  charcoal  in 

^  solution  can  be  used  for  the  group  separation  oUhphat, 

from  aromatic  peptides.  The  procedure  has  been  described  by 

Tiselius  and  Claesson  (47)  and  Hagdahl  (17).  be 

The  countercurrent  distribution  technique  »  ' 

considered  1  of  the  chromatographic  methods.  It  has  proved  use 
f,d  for  fractionation  of  peptide  mixtures.  G^TNmdC™g(lg 
have  demonstrated  the  to  be  a 

line  sample  of  gramicidin  vf  tides  Craig  and  Post  (12) 
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For  structural  studies,  it  is  important  to  obtain  a  complete 
composition  o£  the  substance  in  question.  In  the  case  P.P  ’ 
the  amino  acid  content  of  their  hydrolysate  may  be  determined  by 
the  microbiologic  technique  or  by  the  starch  column  chroma¬ 
tography  of  Stein  and  Moore.  Other  methods  for  analysis  ot  am‘ 
acids  have  been  reviewed  by  Martin  and  Synge  (^9). 

The  dinitrofluorobenzene  (DNFB)  reagent  for  the  end-group 
determination  in  proteins,  introduced  by  Sanger  (37),  has  been 
used  by  him  for  elucidation  of  the  amino  acid  sequence i  m  pep¬ 
tides  (38).  In  fact,  when  a  mixture  of  peptides  reacts  with  DNt 
to  form  dinitrophenyl  (DNP)  derivatives,  the  DNP  products  can 
be  fractionated  by  chromatography  on  silica  gel.  Using  this  tec  - 
nique,  Sanger  (39)  was  able  to  show  the  presence  of  a  tetrapeptide 
phenylalanyl-valyl-aspertyl-glutamic  acid  in  a  partial  hydrolysate 
of  insulin. 

A  number  of  methods  may  be  used  for  molecular  weight  estima¬ 
tion  of  peptides.  Pedersen  and  Synge  (34)  obtained  an  average 
molecular  weight  for  gramicidin  S,  tyrocidine  and  gramicidin 
from  diffusion  experiments.  Gutfreund  and  Ogston  (16)  developed 
methods  for  the  determination  of  low  molecular  weight  sub¬ 
stances  by  ultracentrifugal  sedimentation.  Perhaps  the  best  tech¬ 
nique  for  determining  the  molecular  weight  of  partial  hydrolytic 
products  of  protein  is  the  surface-film  pressure  method  of  Bull 
(pp.  245  ff.).  Bull  and  Hahn  (6)  have  estimated  the  molecular 
weight  distribution  of  egg  albumen  hydrolyzed  by  hydrochloric 
acid  at  several  degrees  of  hydrolysis. 

When  a  peptide  is  isolated  in  pure  form  and  its  structure  estab¬ 
lished,  it  is  essential  to  compare  its  physicochemical  characteris¬ 
tics  with  those  of  a  synthetic  sample  of  the  peptide.  For  synthesis 
of  peptides,  the  carbobenzoxy  method  of  Bergmann  and  Zervas 
(4)  appears  to  possess  greatest  potentiality.  In  recent  years,  many 
peptides  have  been  prepared  by  Fruton  and  his  colleagues  using 
this  method  (pp.  272  ff.). 

It  may  be  mentioned  that  study  of  specificity  of  the  enzymic 
action  on  proteins  and  peptides,  as  initiated  by  Bergmann  and 
his  colleagues,  will  be  useful  for  elucidation  of  the  structure  of 
these  substances.  A  general  discussion  of  this  problem  is  included 
in  this  section  (pp.  284  ff.). 

I  wish  to  express  my  thanks  to  the  contributors  for  their  co¬ 
operation  and  to  L.  C.  Craig,  C.  D.  Dent,  A.  J.  P.  Martin,  S.  Moore, 
F.  Sanger,  W.  H.  Stein,  R.  L.  M.  Synge  and  A.  Tiselius  for  the 
review  of  parts  of  the  manuscript  and  their  helpful  suggestions 
in  editing  this  section. 


— C.  H.  Li 
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Microbiologic  Assay  of  Amino  Acids 

J.  C.  LEWIS,  U.  S.  Department  of  Agriculture,  Albany,  Calif. 


Microbiologic  methods  for  the  quantitative  determination  of 
amino  acids  are  important  for  several  reasons,  (a)  By  use  of  several 
bacteria,  18  of  the  amino  acids  commonly  found  in  proteins  can 
be  determined;  only  hydroxyproline  and  hydroxylysine  lack  test 
organisms,  (b)  Mixtures  of  pure  amino  acids  may  be  assayed  with 
an  accuracy  of  2-10%,  depending  on  the  particular  amino  acid 
and  the  test  conditions.  Results  with  protein  hydrolysates  ap¬ 
proach  this  accuracy,  (c)  The  quantities  of  the  various  amino  acids 
required  for  an  unreplicated  determination  vary  from  5  to  60  ^.g 
for  the  procedure  to  be  described.  Sensitivity  is  increased  20-fold 
by  use  of  microtechnique  (14).  (d)  The  specificity  of  properly 
chosen  methods  is  such  that  chemically  closely  related  amino 
acids  do  not  interfere,  except  when  present  in  overwhelming  pro¬ 
portions.  Thus,  samples  need  only  be  hydrolyzed;  tedious  separa¬ 
tions  of  amino  acids  are  avoided,  and  many  crude  materials  may 
be  assayed  as  well  as  purified  proteins.  Metabolically  related  com¬ 
pounds,  such  as  the  keto  analogs  of  the  amino  acids,  certain 
vitamins  and  certain  antimetabolites  may  interfere  but  are  not 
normally  present  in  hydrolysates  of  purified  proteins  and  poly¬ 
peptides.  (e)  No  specialized  equipment  likely  to  be  lacking  in 
chemical  or  biologic  laboratories  is  essential.  The  necessary  chemi¬ 
cals  and  test  organisms  are  readily  available  in  the  United  States. 
The  technique  is  simple  and  uniform  for  the  several  amino  acids 
and  is  well  adapted  for  routine  work.  Elementary  analytical  com¬ 
petence  and  bacteriologic  technique  are  adequate  for  successful 
results,  and  attention  to  details  is  more  important  than  a  high 
level  of  manipulative  skill. 

Microbiologic  methods  have  several  limitations,  shared  vari¬ 
ously  by  other  methods,  (a)  The  amino  acids  must  be  present  in 
the  free  state,  so  that  completeness  of  hydrolysis  and  extent  of 
racemization  and  of  destruction  during  hydrolysis  must  be  con¬ 
sidered  in  drawing  conclusions  as  to  the  content  of  the  amino 
acid  in  the  original  peptide  structure,  (b)  The  test  organisms  do 
not  show  a  uniform  response  to  the  D-,  L-  and  allo-isomers  of 
amino  acids.  In  many  cases  the  D-isomers  are  essentially  inactive, 
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in  a  few  cases  the  D-  and  L-isomers  are  approximately  equal  in 
activity,  and  in  many  cases  the  D-isomer  has  a  lower  but  definite 
activity  which  may  vary  with  the  test  conditions.  This  frequently 
presents  a  problem  in  the  choice  of  an  assay  standard,  since  micro¬ 
biologic  methods  are  comparative  rather  than  absolute.  Further¬ 
more,  in  some  instances  the  methods  may  not  detect  the  amino 
acid  if  only  the  D-  form  is  present  or  may  not  give  interpretable 
data  if  both  D-  and  L-isomers  are  present,  (c)  Although  a  large 
number  of  samples  may  be  assayed  simultaneously,  the  necessity 
of  allowing  1-3  days  for  growth  of  the  cultures  precludes  rapid 
determinations. 

Since  the  microbiologic  amino  acid  assays  have  been  the  subject 
of  excellent  critical  reviews  (34,  36,  38),  this  presentation  is  largely 
concerned  with  the  aspects  of  planning  and  technique.  It  is  ad¬ 
dressed  primarily  to  the  worker  unfamiliar  with  the  use  of  such 
methods.  The  methods  described  are  selected  somewhat  arbi¬ 
trarily  as  convenient  for  use  and  exposition;  the  reader  is  referred 
to  the  aforementioned  reviews  and  to  the  recent  literature  for  the 
advantages  of  alternative  media  and  test  organisms. 

The  methods  are  based  on  the  fact  that  certain  micro-organisms 
have  relatively  specific  nutritional  requirements  for  various  amino 
acids.  A  basal  growth  medium  is  prepared  to  contain  adequate 
amounts  of  all  the  essential  and  stimulatory  nutrients  except  the 
amino  acid  to  be  determined.  The  relative  response  of  growth  or 
of  a  related  metabolic  activity  of  the  test  organism  is  determined 
after  culturing  in  aliquots  of  the  basal  medium  to  which  properly 
graded  amounts  of  the  standard  amino  acid  and  of  the  sample 
had  been  added.  The  following  operations  are  involved:  mainte¬ 
nance  of  stock  cultures  of  the  test  organisms,  preparation  of  inocu¬ 
lum  for  a  particular  set  of  assays,  preparation  of  samples  and  of 
standards,  preparation  of  a  data  sheet,  preparation  of  the  assay 
medium,  filling  the  individual  culture  tubes  with  test  solutions 
and  basal  medium,  sterilization,  inoculation  and  incubation  of 
the  assay  tubes,  measurement  of  the  biologic  response  of  individu¬ 
al  cultures,  and  calculation  of  the  results 

ADVANCE  PREPARATIONS 

a)  Supplies  and  equipment. -The  accumulation  of  supplies  and 
equipment  .s  one  of  the  1st  problems  to  confront  the  investLtor 

out  to  use  mtcrobiologtc  assays.  Table  1  lists  some  of  the  more 
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refrigerator. — T  his  is  needed  for  storage  of  stock  cultures, 
some  of  the  media  components  and  sample  solutions. 

autoclave.— A  bacteriologic  steam-pressure  sterilizer  is  needed 
for  sterilization  of  stock  culture  and  inoculum  media  and  of  the 
assay  tubes. 


TABLE  1.— Selected  Lactic  Acid  Bacteria  Used  as  Amino  Acid 

Assay  Organisms* 


Lactobacillus  arabinosus  17-5  (ATCCf8014)— glutamic  acid,  isoleucine,  leucine, 
methionine,  phenylalanine,  tryptophane,  valine. 

Lactobacillus  brevis  (ATCC  8257)— arginine,  aspartic  acid,  cystine,  glutamic 
acid,  glycine,  histidine,  isoleucine,  leucine,  lysine,  methionine,  phenylalanine, 
proline,  threonine,  tryptophane,  tyrosine,  valine. 

Lactobacillus  casei  (ATCC  7469)— arginine,  cystine,  glutamic  acid,  isoleucine, 
leucine,  phenylalanine,  serine,  tryptophane,  tyrosine,  valine. 

Lactobacillus  casei  (L.  delbruckii  LD5)  (ATCC  9595)— arginine,  glutamic  acid, 
isoleucine,  leucine,  phenylalanine,  serine,  tryptophane,  tyrosine,  valine. 

Lactobacillus  fermentum  36  (ATCC  9338)-arginine,  glutamic  acid,  histidine, 
isoleucine,  leucine,  methionine,  phenylalanine,  tryptophane,  tyrosine,  valine. 

Leuconostoc  citrovorum  (ATCC  8081)— alanine,  arginine,  cystine,  glutamic  acid, 
glycine,  histidine,  isoleucine,  leucine,  methionine,  phenylalanine,  proline, 
serine,  threonine,  tryptophane,  tyrosine,  valine. 

Leuconostoc  mesenteroid.es  P-60  (ATCC  8042) — arginine,  aspartic  acid,  cystine, 

glutamic  acid,  glycine,  histidine,  isoleucine,  leucine,  lysine,  methionine. 
phenylalanine,  proline,  serine,  threonine,  tryptophane,  tyrosine,  valine. 

Streptococcus  faecalis  (S.  lactis  R)  (ATCC  8043  or  9790$)-alanine,  arginine. 
glutamic  acid,  histidine,  isoleucine,  leucine,  lysine,  methionine,  threonine, 
tryptophane,  tyrosine,  valine. 


*The  combinations  used  most  frequently  or  which  appear  preferable  for  other  reasons 
are  underlined  The  requirements  for  other  ammo  acids  listed  may  not  be  invariable. 

tAmerican  Type  Culture  Collection,  2029  M  St.,  N.  W„  Washington  6  D.  C.  Cultures 
are  sold  for  $3.00  each  plus  35  cents  (1  culture)  or  50  cents  (2-7  cultures)  for  packing  and 

d°tTheseP2Ssttaocks  of  5  faecalis  were  deposited  with  the  American  Type  Culture  Collection 
by  E.E.  Snell  and  J.  L.  Stokes,  respectively.  Presumably  they  are  of  the  same  origin. 


incubator.— A  water  bath  gives  the  most  satisfactory  tempera- 
ture  control.  However,  a  forced-draft  bacteriologic  incubator  or  a 
thermostated  room  held  at  30-35  C  is  generally  used.  Small  incu¬ 
bators  without  forced  air  circulation  frequently  show  local  tem¬ 
perature  variations  which  are  prejudicial  to  accurate  results.  It  is 
important  that  all  assay  tubes  have  identical  temperatures  during 

growth  of  the  cultures. 

pH  meter.— A  glass  electrode  pH  meter  allows  more  prec.se 
titrations  and  is  more  convenient  for  adjusting  media  and  hydio  y 

sates  than  colorimetric  indicators. 

balance.— An  analytical  balance  is  needed  for  weighing  sam¬ 
ples  and  standards.  In  addition,  a  small  torsion  or  trip  balance  o 
25-100  g  maximal  capacity  is  very  convenient  for  weighing  com¬ 
ponents  of  media  and  stock  solutions. 
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Nutrient  Chemicals 
glucose  . 

51b 

arabinose  (for  L.  brevis). 

.  1/2  lb 

sodium  citrate . 

51b 

K..HPO, . 

1  lb 

NH.C1  . 

1  lb 

sodium  acetate 

(anhvdrous) . 

14  lb 

MgSO,»7H  ()  . 

1/4  lb 

\fnSO.»7H  () 

1  oz 

FeSO,»7HO . 

V 02 

NaCl  . 

Vi 02 

thiamine  hydrochloride.. 

100  mg 

riboflavin  . 

100  mg 

pyridoxal  . 

20  mg 

calcium  pantothenate  .  .  . . 

1 00  mg 

nicotinic  acid . 

100  mg 

p-aminobenzoic  acid  .... 

20  mg 

biotin  . 

1  mg 

folic  acid . 

1  mg 

injectable  liver  extract 
(15  U.S.P.  units  /ml) 

(for  L.  citrovorum)  .... 

10  ml 

adenine  sulfate  . 

1  g 

guanine  hydrochloride  . . 

lg 

hypoxan thine 

(for  L.  brevis) .  50  mg 

uracil .  1  g 

thymine  (for  L.  brevis).  .  50  mg 

xanthine  .  1  g 

DL-alanine .  100  g 

L-arginine«HCl .  20  g 

DL-aspartic  acid  .  100  g 

L-cvstine .  10  g 

L-glutamic  acid .  100  g 


glycine 

L-histidine  . 

DL-isoleucine  . 

L-leucine  . 

L-lysine»HCl  .  .  . 

DL-methionine 

L-phenylalanine 

L-proline  . 

DL-serine  . 

DL-threonine  . . 
DL-tryptophane 

L-tyrosine . 

DL-valine  . 


Miscellaneous  Chemicals 
HC1  (for  hydrolysis) 


10  g 
10  g 
20  g 
lOg 
20  g 
20  g 

lOg 
lOg 

20  g 
20  g 
20  g 

lOg 

20  g 

1  lb 

NaOH  (for  titrations) .  10  lb 

KOH  (for  neutralizations) .  iA  lb 

potassium  biphthalate  (for  buffer  solution) .  \/4  lb 

bromthymol  blue . 

n-octadecyl  alcohol . 

mineral  oil  (for  stock  cultures) . 

stock  culture  agar  or  plain  agar  (see  text) . 

dehydrated  yeast  extract  (for  inoculum  medium) .  1/ ]b 

dehydrated  trypsin-digested  casein  (for  inoculum  medium) .  1/  lb 

Glassware  and  Miscellaneous  /'t 

pipets 
beakers 

graduated  cylinders  and  volumetric  flasks  for  preparing  standard 
and  sample  solutions 

bottles  for  storing  nutrient,  standard  and  sample  solutions 
culture  tubes  (16  X  150  mm  or  similar  size  to  fit  racks  available; 

see  text) .  ’  „ 

Petri  plates .  ~  gross 

large  test  tubes  (25  X  200  mm)'  for  sterilizing  of'svrinires .  r 

cotton  .  ‘  °  . 

hypodermic  syringes  (10  ml) . . .  p  lh 

hypodermic  needles  (no.  20) .  ~ 

inoculating  needle .  b 


4g 

1  g 

1  pt 

1  lb 


»c;ds •!.«  ™s,  Critical 

obtained  from:  H.  M.  Chemical  Co  Ltd  144  N  Aat,sfacJ°ry  purity  have  generally  been 
chemical  Corp..  Biochenuca^  D  v  ,  Union  NT-  Me-T*  V^i’  Los  Angeles  36;  Inter- 
various  vitamins  and  injectable  liver  extract  i are  Co-.lnc-  Rahwa>>  N.  J.  The 

companies:  Calco  Chemical  Div.,  American  CvInamS  f?  1°™  1  ,°,r  more  of  the  following 

Rnrk-°fhn’  Vivmin  Div->  Roche  Park-  Nutley  10  NY^Ted  N’  *l  ;-  Hortl»ann- 

Rockefeller  Plaza,  New  York  20;  Eli  Lilly  and  Co  740  S  AiJffj? !  C  laboratories,  Inc.,  30 
Merck  &  Co.,  Inc.,  Rahvay.  N  T  Purine*;  nnri  U  S.  Alabama  St.,  Indianapolis,  Ind.; 

Wn  Ha  0rga:i*c  Chemical  Salii  Div  “RtJhitoT'K"?  Ti  "m  “S'  Eastman 

V«4rkNl'7HW"°r‘h  Av'"  “  i  SchS4tabim,or£,  %2Cfe"SSi 
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pipetting  machine.— A  device*  for  automatically  dispensing 
uniform  aliquots  of  the  basal  media  to  the  culture  tubes  is  a 
valuable  time  saver  when  large  numbers  of  assays  are  run. 

racks  and  covers.— Test  tube  racks  are  needed  to  keep  the  cul¬ 
ture  tubes  upright  and  in  order.  Since  they  must  be  autoclaved, 
a  corrosion-resistant  metal  is  preferable.  A  convenient  rack  for 
16  mm  culture  tubes  has  48  5/8  in.  square  holes  in  4  rows.  It  is 
important  that  the  rack  have  2  grids  and  that  the  tubes  fit  snugly 
for  convenience  and  for  avoidance  of  errors  readily  incurred  with 
tubes  tilting  in  various  directions.  Much  time  may  be  saved  by 
avoiding  the  necessity  of  plugging  or  capping  individual  culture 
tubes.  This  may  be  done  with  shallow  metal  covers  just  large 
enough  to  set  over  the  entire  rack  of  tubes.  The  covers  should 
project  1/2-1  in.  down  the  sides  of  the  tubes.  They  are  not  available 
commercially  but  are  readily  fabricated  from  sheet  metal  (prefer¬ 
ably  stainless  steel  or  aluminum).  The  covers  are  lined  with  snugly 
cut  rectangles  of  cotton.  (Several  layers  of  clean  toweling  may  be 
substituted  for  the  cotton-lined  metal  covers.  Care  must  be  taken 
that  condensate  does  not  drip  onto  the  tubes  while  they  are  in 
the  autoclave.) 

centrifuge.— A  centrifuge  is  required  for  washing  inoculum. 

titration  set-up.— A  titration  set-up  (or  a  photoelectric  colorim¬ 
eter  if  turbidity  measurements  are  preferred)  should  be  pro¬ 
vided.  The  following  device  is  convenient  if  many  assays  are  to  be 
made.  The  titration  vessel  is  a  glass  cup  approximately  U/4  in.  in 
diameter  by  4  in.  in  height.  An  inlet  tube  is  arranged  with  a  2-way 
stopcock  at  the  bottom  so  that  air  under  approximately  18  in.  of 
hydrostatic  pressure  may  be  bubbled  through  the  titration  vessel 
for  stirring  and  so  that  the  titrated  solution  may  be  sucked  off  by 
vacuum  into  a  waste  reservoir.  The  electrodes  for  the  pH  meter 
are  inserted  in  slanting  positions  through  rubber  stoppers  in  the 
sides  of  the  titration  vessel  so  that  they  will  be  adequately  im¬ 
mersed  in  the  solution  to  be  titrated.  A  self-zeroing  buret  is  con¬ 
nected  by  a  siphon  tube  to  a  reservoir  of  standard  alkali.  It  is  more 
comfortable  for  the  seated  operator  if  the  buret  is  shortened  so 
that  the  range  of  0-15  ml  is  approximately  at  his  eye  level.  A 
system  for  performing  titrations  directly  in  the  culture  tubes  has 

been  outlined  (14). 


•Conventional  pipetting  machines  are  supplied  hy  the 
Laboratory,  500  N  Calvert  St.,  Baltimore  2,  Md.;  Fisher  Scientific  Co.,  711 
Forbes  St.,  Pittsburgh;  Ivan  Sorvall,  210  Fifth  Ave.,  New  5ork  10. 

A  machine  for  automatically  measuring  a  series  of  graded  volumes  such  as 
are  required  in  microbiologic  assays  and  for  performing  aucomauc 
is  available  from  the  International  Instrument  Co.,  729  S.  Hanard  mva.,  l. 
Angeles  5. 


229 


MICROBIOLOGIC  ASSAY  OF  AMINO  ACIDS 


b)  Stock  cultures  —  Provision  must  be  made  for  maintaining  vi¬ 
able  pure  cultures  of  the  test  organisms.  (For  elementary  bacterio- 
logic  procedures  for  sterilization  of  media,  transfer  of  cultures  and 
purification  of  cultures  by  plating  or  dallying,  see  a  laboratory 
manual.)  When  the  cultures  are  received  they  should  be  trans¬ 
ferred  to  fresh  tubes  of  agarized  medium.  Commercially  available 
desiccated  stock  culture  media  for  lactic  acid  bacteria  (Bactof 
tomato  juice  agar,  Bacto  trypsin  digest  agar,  or  Bacto  micro  assay 
culture  agar)  are  convenient  and  yield  luxuriant  growth,  but  a 
substitute  frequently  used  contains  1%  of  dried  yeast  extract,  1% 
of  glucose  and  1.5%  of  agar.  An  inoculum  medium  (p.  231)  may 
also  be  used  for  preparation  of  stock  culture  agar. 

The  prescribed  quantity  of  desiccated  medium  or  ingredients 
is  dispersed  in  250  ml  of  tap  or  distilled  water.  The  mixture  is 
steamed  to  dissolve  the  agar  and  dispensed  into  culture  tubes, 
each  to  approximately  40%  full.  Each  tube  is  plugged  with  a  firm 
wad  of  cotton  extending  1  in.  into  the  tube  and  sterilized  at  15 
lb  of  steam  pressure  for  15  min,  removed  and  allowed  to  cool  and 


solidify  in  an  upright  position  (“agar  deeps”).  Inoculum  is  trans¬ 
ferred  from  the  old  stock  tube  with  a  straight  inoculating  “needle” 
by  stabbing  it  into  4  new  deeps  (“stab  cultures”).  The  inoculated 
tubes  are  incubated  at  30—35  C  until  good  growth  is  obtained 
(24-48  hr).  Approximately  1  in.  of  sterile  mineral  oil  (sterilized  in 
diy  heat  at  150  C  for  2  hr)  is  poured  into  2  of  the  tubes  to  provide 
for  reference  stock.  (They  should  remain  viable  for  at  least  a  year 
when  kept  in  a  refrigerator.)  The  other  2  tubes  are  the  “working 
stock.”  One  is  used  for  inoculating  liquid  (“broth”)  cultures  to 
be  used  as  inoculum  for  assay  tubes;  the  other  is  reserved  for 
renewing  the  working  stock  cultures  at  2-4  week  intervals.  Stock 
cultures  and  surplus  media  are  kept  in  the  refrigerator. 

c)  Hydrolysis— V arious  methods  of  hydrolysis  designed  to  mini¬ 
mize  destruction  of  the  more  labile  amino  acids,  to  give  complete 
racemization  and  to  insure  complete  hydrolysis  will  not  be  consid¬ 
ered  here.  Hydrolysis  with  10  vol  of  6N  HC1  for  12-18  hr  is 
lequently  practiced.  It  is  convenient  to  weigh  100  mg  of  protein 
usually  adequate  for  a  complete  analysis,  into  a  tared  test  tube’ 
Tube  and  sample  are  dried  at  70  C  in  vacuo  or  at  100  C  in  air  and 
eweighed  to  obtain  the  sample  dry  weight.  One  ml  of  6N  HC1  is 
added,  and  the  tube  is  drawn  down,  sealed  and  autoclaved  "  and 
i  the  desired  temperature  and  time  The  Hr  l  *i 
by  vacuum  distillation  in  a  desiccator  containing  a  laytVfNaOH 
mUS'  be  “ke"  -  drawing  the  vacuum  toTv^d  W 
fDifco  Laboratories,  Inc..  Detroit  1,  Mich 
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ing  or  spattering.  A  single  drying  is  adequate  since  the  hydrolysate 
need  not  be  completely  freed  of  HC1.  The  hydrolysate  is  taken  up 
in  water,  adjusted  to  pH  6.8  with  KOH  (less  likely  to  give  inter¬ 
fering  concentrations  of  inorganic  salts  than  NaOH  (23))  and  to  a 
known  concentration  (2  mg  of  original  protein/ml  is  convenient). 
The  solution  must  be  guarded  against  microbial  action.  Storage 
unfrozen  in  a  refrigerator,  even  with  toluene  or  toluene  plus 
chloroform,  does  not  preclude  microbial  growth.  It  is  better  to 
freeze  the  solutions.  The  dispersion  of  14%  of  a  mixture  of  1  part 
of  o-fluorotoluene,  2  parts  of  n-butyl  chloride  and  1  part  of 
1,2-dichloroethane  has  been  reported  to  preserve  solutions  against 
microbial  action  even  at  room  temperature  (18).  The  active  vola¬ 
tile  ingredients  are  removed  on  autoclaving. 

d)  Stock  solutions—  Stock  solutions  of  standard  amino  acids  are 
conveniently  made  up  in  the  concentrations  shown  in  Table  3, 


TABLE  3.— Relative  Sensitivities  of  Methods  and  Suggested  Concentrations 

for  Reference  Standards 


Amino  Acid 

L-alanine 

L-arginine 

L-aspartic  acid 

L-cystine 

L-glutamic  acid 

glycine 

L-histidine 

L-isoleucine 

L-leucine 

L-lysine 

L-methionine 

L-phenylalanine 

L-proline 

L-serine 

L-threonine 

L-tryptophane 

L-tyrosine 

L-valine 


Conc.  Required  for 

Suggested  Conc.  of 

Half-Max. 

Reference  Stand.  Sol., 

Response,  Ppm 

Mg/250  Ml 

10 

100 

(200  mg  DL-alanine) 

4 

40 

(48.37  mg  L-arginine»HCl) 

10 

100 

2 

20 

20 

200 

5 

50 

2 

20 

(25.69  mg  L-histidine»HCl»HoO) 

5 

50 

(100  mg  DL-isoleucine) 

5 

50 

8 

80 

(112.1  mg  L-lysine»HCl) 

3 

30 

2 

20 

3 

30 

3 

30 

(60  mg  DL-serine) 

4 

40 

(80  mg  DL-threonine) 

1 

10 

(20  mg  DL-tryptophane) 

3 

30 

5 

50 

(100  mg  DL-valine) 

which  have  been  estimated  to  satisfy  the  dilution  scheme  outlined 
later.  The  concentrations  should  be  modified  as  indicated  >  ex¬ 
perience.  Solutions  of  the  pure  amino  acids  are  chemically  stable, 
but  care  to  avoid  microbial  activity  is  almost  as  important  as  with 

^  edlr —Several  procedures  are  available  for  compounding 

the  basal  assay  media.  (1)  A  common  procedure  is  to  prepar 
stock  solutions  of  the  vitamins,  of  the  purines  and  pyrimidines 
and  of  the  inorganic  nutrient  salts.  The  other  components-sugar 
buffer  salts  an<?  amino  acids-are  weighed  for  individual  batches 
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of  assay  media.  (2)  The  amino  acids  may  be  composited  in  amounts 
sufficient  for  a  number  of  batches  of  medium  by  grinding  and 
mixing  in  a  mortar  or  ball  mill.  Only  pretested  amino  acids  should 
be  used  since  1  or  more  of  them  may  carry  intolerable  amounts  of 
the  amino  acid  to  be  determined.  (3)  All  of  the  ingredients  may 
be  similarly  mixed  in  a  mortar  or  ball  mill  (6).  The  ingredients 
and  apparatus  must  be  thoroughly  dry  to  obtain  intimate  mixing. 
The  dry  powdered  media  should  be  tightly  stoppered  and  prefer¬ 
ably  stored  in  the  refrigerator.  (4)  Bioassay-tested  amino  acid 
composites  and  dried  complete  assay  media  are  available  com¬ 
mercially  for  assay  of  some  of  the  amino  acids.  J 

Many  media  have  been  described  as  suitable  or  optimal  for  the 
assay  of  particular  amino  acids  by  particular  test  organisms.  Since 
most  of  them  contain  relatively  large  amounts  of  each  of  the  amino 
acids  (other  than  the  1  to  be  assayed),  so  that  the  amounts  likely 
to  be  introduced  in  the  sample  are  proportionately  small,  and 
since  most  of  the  other  ingredients  are  tolerated  in  amounts  much 
larger  than  the  actual  requirements,  it  has  been  hoped  that  a 
single  general  formula  might  be  developed  that  would  suffice  for  a 
number  of  test  organisms  and  for  the  various  amino  acids  deter¬ 
minable  by  them.  This  was  attempted  by  Henderson  and  Snell 
(la),  whose  formula  is  listed  in  Fable  4  with  a  convenient  pro- 
cedure  foi  pieparing  assay  media  based  on  their  formula.  Refer¬ 
ences  to  alternate  media  are  cited  later  (pp.  238  IT.).  Economies 
may  be  effected  in  certain  instances  by  supplying  most  of  the 
required  amino  acids  as  specially  prepared  protein  or  peptone 
hydrolysates. 


The  basal  medium  is  usually  prepared  the  day  the  assay  tubes 
are  to  be  filled,  although  if  necessary  it  may  be  prepared  on  the 
preceding  day  and  stored  in  the  refrigerator  without  addition  of 
preservatives  Enough  should  be  made  to  fill  the  assay  tubes  plus 

at  required  to  rinse  the  pipetting  machine;  50  ml  suffices  for 
tiie  Jatter  purpose. 

f)  Inoculum.- Inoculum  must  be  started  the  day  before  the 
assay  iS  to  be  set  up.  The  medium  used  should  be  rich,  but  com¬ 
position  is  not  critical.  Henderson  and  Snell  (15)  recommended 
modification  of  their  general  formula,  which  may  be  prepared 

10  iho  mmpie,,  miolu'il  ^  .VtXo  ."(LoTil 

ssr»  *  r t^itssssst 

JH.  M.  Chemical  Co  I  td  144  m  tt 

Laboratories,  Inc.,  Detroit  1.  Mich  Bacto^votonh^'’  a°S  AngC,es  36=  L)ifco 

ncn.,  tiacto  Tryptophane  Assay  Medium  only. 
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and  sterilized.  Surplus  tubes  are  stored  in  the  refrigerator.  A  tube 
is  inoculated  from  the  stock  stab  culture  and  incubated  overnight 
at  30-37  C. 

For  dispensing  inoculum,  10  ml  hypodermic  syringes  with  no.  20 
needles  are  assembled  in  large  test  tubes,  plugged  with  cotton 


r ABLE  4. — General  Assay  Medium  and  Method  of  Preparation 


Components  and  Conc.  in 
Final  Assay  Medium 

Amino  acids  (DL-alanine  0.1%,  L-arginine»HCl 
0.02%,  DL-aspartic  acid  0.1%,  L-cystine 
0.01%,  L-glutamic  acid  0.1%,  glycine  0.01%, 
L-histidine  0.01%,  DL-isoleucine  0.02%, 
L-leucine  0.01%,  L-lysine»HCl  0.02%,  DL- 
methionine  0.02%,  L-phenylalanine  0.01%, 
L-proline  0.01%,,  DL-serine  6.02%,  Dl.-threo- 
nine  0.02%,  DL-tryptophane  0.02%,  L-tyro- 
sine  0.01%,  and  DL-valine  0.02%;  omitting 
the  amino  acid  to  be  assayed  and  substitut¬ 
ing  L-  and  DL-  forms  as  necessary  in  1:2 
ratios) 

Glucose  2% 

Sodium  citrate  2% 

KMPOt  0.5% 

NHtCl  0.3% 

Sodium  acetate  (anhydrous)  0.1% 

Inorganic  salts  (Weigh  10  g  of  0.08%  MgSO,» 
7H20,  2  g  of  0.016%  MnS<V7H20,  0.5  g  of 
0.004%  FeS04.7H20  and  0.5  g  of  0.004% 
NaCl;  make  to  250  ml,  adding  3  drops  of  conc. 
HC1  to  prevent  precipitation  of  iron;  store 
at  room  temperature  without  preservative.) 

Purines  and  pyrimidines  (adenine  sulfate  10 
ppm,  guanine  hydrochloride  10  ppm,  uracil 
10  ppm,  xanthine  10  ppm.  Weigh  0.10  g  of 
each,  dissolve  all  but  adenine  in  20  ml  of 
0.1N  NaOH  with  heating,  cool,  add  adenine 
and  make  to  100  ml;  store  in  refrigerator 
without  preservative.) 

Vitamins  (thiamine  1  ppm,  riboflavin  1  ppm, 
pyridoxal  0.2  ppm,  pantothenate  1  ppm,  nico¬ 
tinic  acid  1  ppm,  p-aminobenzoic  acid  0.2 
ppm,  biotin  0.01  ppm,  folic  acid  0.01  ppm. 
Weigh  10,  2  and  0.1  mg  as  required  and  make 
to  100  ml  with  distilled  HzO;  store  in  refrig¬ 
erator  and  renew  monthly.) 


Proc.  to  Make  250  Ml  of 
Double  Strength  Medium 

Weigh  0.5,  0.1  or  0.05  g 
quantities  as  required,  or 
weigh  composites  prepared 
as  described  in  text.  Dis¬ 
solve  cystine  and  tyrosine 
in  minimal  volume  of  3N 
HC1;  dilute  to  200  ml  and 
add  the  other  amino  acids, 
heating  to  dissolve  if  nec¬ 
essary. 


Weigh  10  g 

10  g 

2.5  g 

1.5  g 
0.5  g 

Dissolve  in  above  solution. 
Pipet  10  ml  of  the  salts  so¬ 
lution  into  basal  medium. 


Pipet  5  ml  of  the  purine- 
pyrimidine  solution  into 
basal  medium. 


Pipet  10  ml  of  the  salts  so¬ 
lution  into  basal  medium; 
adjust  to  pH  6.8  with 
NaOH  and  dilute  to  250 
ml. 


and  autoclaved.  Since  a  fresh  syringe  is  used  for  each  test  organ¬ 
ism,  it  is  convenient  to  keep  a  stock  of  sterile  syringes  on  hand. 

g)  Dilutions.— Many  dilution  schemes  are  feasible,  of  which  the 
most  common  is  to  cover  the  steeper  portion  of  the  response  curve 
with  4  or  5  graded  levels  of  the  standard  and  of  the  sample  solu¬ 
tions  We  prefer  the  procedure  described  here,  which  requires 
only  the  addition  of  1  and  2  ml  aliquots  to  the  culture  tubes  and 
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which  concentrates  the  experimental  points  in  the  most  useful 
portions  of  the  response  curve.  The  latter  may  be  estimated 
roughly  as  from  30%  up  to  60%  of  the  maximal  response.  The 
lower  limit  reflects  the  increasing  effect  of  the  variation  in  the 
response  of  replicate  tubes,  the  upper  limit,  the  increasing  uncer¬ 
tainty  caused  by  flattening  of  the  dosage-response  curve. 

Two  dilutions  of  the  stock  solution  of  the  standard  (Table  3) 
are  made:  3  ml  to  50  ml,  and  4  ml  to  50  ml.  One  and  2  ml  aliquots 
of  each  are  to  be  pipetted  to  give  4  concentrations  which  will 
establish  the  standard  curve.  Blanks  (no  added  standard  or  sample) 
and  maximal  response  controls  (2  ml  of  the  primary  stock  solution 
of  the  standard)  are  also  to  be  provided.  Sample  solutions  are  to 
be  diluted  to  a  concentration  of  the  amino  acid  under  test  between 
the  concentrations  of  the  2  dilute  standard  solutions.  If  so  close 
an  estimate  is  not  possible,  several  dilutions  should  be  chosen  to 
cover  the  expected  range  of  variation.  The  most  effective  choice 
of  dilutions  will  form  a  geometric  progression;  e.g.,  1  and  2  ml 
aliquots  of  a  given  dilution,  and  of  %  and  yi6  dilutions  of  it,  will 
yield  at  least  1  point  within  the  range  of  the  standard  curve  for  a 
64-fold  range  of  sample  concentrations. 

h)  Data  sheet— This  should  be  prepared  in  advance  of  the  assay 
for  recording  dilutions  of  standards  and  samples,  for  identifying 
culture  tubes  containing  particular  treatments  by  position  in  a 
particular  rack  (rather  than  by  marking  individual  tubes),  for 
recording  growth  response  (titrations)  and  for  calculating  results. 
A  mimeographed  form,  such  as  the  following,  is  convenient  if 
many  assays  are  to  be  made. 


DETN.  OF _ 

EXPT.  NO. _ 

Rack  Sample 
and  and 
position  dilution 
no. 


_ .TEST  ORGANISM _ _ 

ANALY  ST _ DATE _ 

AH-  ^  Amino  acid  equivalent 

quot  —  Response  ~  ^ml  or  % 

_  iepllcates  ave. _  dilution  in  sample 


All  standard  solutions  and  sample 
tions,  dilutions  and  size  of  aliquots 
sheet  before  the  assay  is  set  up. 


s,  their  original  concentra- 
are  recorded  on  the  data 


procedure 

a)  Setting  up  the  assay.-Dilution  of  standard  and  samples  dis 
ti lbution  ol  aliquots  into  tile  culture  tubes,  addition  of  the  basal 
me  nim  and  sterilization  of  the  tubes  are  all  done  within  1  work 
mg  ay  ‘°  PrecIude  undesirable  microbial  action  in  the  solutions' 
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The  standard  and  sample  solutions  are  diluted  and  aliquots  dis¬ 
tributed  in  accordance  with  the  previously  prepared  data  sheet. 
Aliquots  of  water  are  added  as  needed  to  give  a  uniform  sample 
volume  of  2  ml.  A  2  ml  aliquot  of  the  basal  medium  is  then 
pipetted  into  each  tube  to  give  the  final  culture  volume  of  4  ml. 

If  the  relatively  dense  medium  forms  a  distinct  layer,  the  rack  of 
tubes  should  be  agitated  gently  so  that  variations  in  darkening 
of  the  test  solutions  on  autoclaving  will  not  occur.  The  racks  of 
tubes  are  capped  with  cotton-lined  covers  (p.  228),  then  autoclaved 
at  10  lb.  of  steam  pressure  for  10  min.  Prolonged  autoclaving 
should  be  avoided  since  it  leads  to  the  formation  of  growth-inhibit¬ 
ing  substances.  The  racks  of  tubes  are  removed  and  cooled  to  a 
safe  inoculating  temperature  (40  C). 

The  grown  inoculum  is  centrifuged  and  resuspended  in  sterile 
HoO  (5  times  original  volume).  Thirty  to  40  tubes  may  be  inocu¬ 
lated  per  ml  of  inoculum  suspension.  The  inoculum  is  drawn  into 
a  sterile  syringe,  the  cover  is  raised  slightly  from  a  rack  of  tubes 
and  1  drop  of  inoculum  permitted  to  fall  directly  into  the  medium 
in  each  tube;  100  tubes  may  be  inoculated  in  about  2  min.  The 
racks  of  tubes  are  agitated  gently  to  disperse  the  inoculum,  then 
transferred  to  the  water  bath  or  incubator.  If  an  incubator  is 
used,  care  must  be  taken  to  place  the  racks  so  that  each  tube  will 
be  exposed  during  the  incubation  period  to  the  same  temperature 
as  every  other  tube.  The  usual  incubation  period  is  3  days  for 
titrations  and  1  day  for  turbidity  measurements. 

After  incubation,  the  cultures  are  stabilized  by  steam  pressure 
sterilization.  This  step  may  be  omitted  if  the  assay  experiment 
is  small  and  if  the  cultures  are  measured  immediately. 

b)  Growth  measurements.- The  response  of  the  test  organism 
is  customarily  measured  by  titration  of  the  acid  produced  lt  * 
convenient  to  titrate  4  ml  cultures  with  0.05N  NaOH,  which  w 
Ze  maximal  titrations  varying  from  11  to  14  m  .  The  original 
pH  of  the  basal  medium  (pH  6.8)  is  frequently  taken  as  the  end¬ 
point  for  the  titration,  but  this  is  not  critical.  The  endT  ‘™H 
be  determined  accurately  and  rapidly  by  a  glass-electrode  pH 

"To  each  culture  to  be  titrated  is  added  1  drop .of _an  indtator- 
antifoam  mixture  (0.4%  bromthymol  blue  plus  0.  % ^od .adecy 

~  with  4-pZZtely  5  ml 
of  water.  Air  S^P^T-nd'S  not 

“  3  - 

against  a  buffer.  The  solution  is  titrated  until  t 
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galvanometer  needle  is  zeroed,  the  colorimetric  indicator  serving 
to  warn  of  the  approaching  end-point.  The  solution  is  drawn  off 
by  vacuum,  and  the  vessel  is  then  ready  for  the  next  titration. 
Rinsing  is  unnecessary.  The  titration  is  recorded  in  the  appro¬ 
priate  space  on  the  data  sheet. 

Turbidimetric  measurements  may  also  be  used.  A  shorter  incu- 
s  bation  period  usually  suffices,  and  the  assay  range  may  also  have 
10  be  modified.  Various  photometers  may  be  used.  It  is  much 
speedier  to  rig  an  absorption  cell  so  that  the  culture  may  be 
drawn  off  by  vacuum.  Care  must  also  be  taken  to  suspend  the 
bacterial  cells  fully  without  introducing  persistent  bubbles.  An 
intensive  study  (42)  has  been  made  of  factors  influencing  the 
precision  of  turbidity  determinations  of  S.  faecalis  (ATCC  9790). 
Precision  was  favored  by  incubation  in  a  water  bath,  for  44  rather 
than  22  hr,  of  cultures  autoclaved  for  relatively  short  periods  (2.5 
min  at  15  lb  of  steam  pressure).  Inadequate  cleaning  of  culture 
tubes  resulted  in  erratically  slow  growth.  The  most  favorable  por¬ 
tion  of  the  spectrum  was  about  700  m/x.  The  subtlety  of  factors 
affecting  microbial  assays  is  illustrated  by  the  observation  that 
cells  of  S.  faecalis  grown  on  phosphate-rich  medium  lyse  spon¬ 
taneously  unless  lysine  is  present  in  excess  of  the  quantity  required 
for  maximal  growth  (43). 

c)  Calculations.— Assay  values  are  calculated  readily  and  satis¬ 
factorily  by  interpolation  on  a  graph  of  the  response  of  the  stand¬ 
ard  cultures.  The  design  of  assay  experiments  and  calculations 
necessary  for  estimating  statistical  reliability  were  discussed  by 
Wood  (45). 


d)  Checks  and  contvols. — A  valuable  control  is  that  of  agreement 
of  assay  values  for  different  aliquot  levels.  This  is  a  test  for 
superimposability  of  dosage-response  curves  for  standard  and  un¬ 
known  solutions  of  equivalent  concentrations.  It  is  a  primary 
reason  for  assaying  samples  at  2  or  more  levels.  Failure  of  agree¬ 
ment,  within  the  expected  precision,  for  different  assay  levels 
demonstrates  an  interfering  component  in  the  sample,  although 
the  average  result  for  the  various  levels  may  not  differ  signifi- 
cantly  from  the  true  value. 

The  use  of  more  than  1  test  organism  for  a  specific  amino  acid 
may  provide  a  valuable  check  on  the  results.  Even  when  the  rea¬ 
son  for  a  divergence  of  results  is  not  apparent,  such  a  divergence 
may  provide  the  only  warning  of  unreliabilitv  of  assay  values 
Conversely,  agreement  of  results  by  several  test  organisms  en- 

in,the  results.  does  agreement  of  results 
obtained  by  independent  chemical  or  physical  methods 
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The  most  valuable  control  is  probably  that  of  assaying  reference 
proteins.  Careful  analyses  by  diverse  methods  have  been  reported 
for  /3-lactoglobulin  (4,  40),  chymotrypsinogen  (25)  and  bovine 
serum  albumin  (3,  40).  Problems  involved  in  the  amino  acid 
analysis  of  proteins  have  been  discussed  by  Olcott  (26). 

A  simple  control  is  that  of  recovery  of  added  amino  acid  X. 
For  greatest  usefulness,  the  amount  added  should  be  similar  to  the 
amount  already  present  in  the  sample.  If  the  amount  added  is 
excessive,  any  interference  by  the  sample  will  tend  to  be  lost  by 
dilution,  whereas  the  precision  of  the  assay  methods  is  not  ade¬ 
quate  for  evaluation  of  the  increment  of  growth  response  result¬ 
ing  from  a  relatively  small  addition  of  X.  It  is  convenient  to 
compare  the  response  obtained  with  1  aliquot  of  standard  plus  1 
aliquot  of  sample  with  that  obtained  with  2  aliquots  of  standard 
and  2  aliquots  of  sample.  The  response  should  agree  with  that 
calculated  within  the  precision  of  the  measurements.  This  re¬ 
quirement  rarely  fails  to  be  fulfilled. 

Inaccurate  results  may  arise  through  the  use  of  a  medium  con¬ 
taining  a  suboptimal  or  an  excessive  concentration  of  some  in¬ 
gredient  other  than  the  amino  acid  (X)  being  assayed.  A  control 
occasionally  used  is  that  of  assaying  simulated  hydrolysates  con¬ 
taining  known  concentrations  of  the  amino  acids.  The  effect  of 
such  a  mixture  is  to  raise  moderately  the  concentrations  of  the 


ingredients  already  present  and  to  change  slightly  the  proportions 
of  various  ingredients.  Although  the  expected  assay  values  cer¬ 
tainly  should  check  within  the  experimental  error,  this  type  of 
control  is  not  outstandingly  useful.  Instead,  the  testing  of  each  of 
the  amino  acids  (and  other  constituents)  individually  at  several 
concentrations  is  recommended  to  show  up  deficiency  and  imbal¬ 
ance”  effects.  It  is  not  sufficient  to  test  the  effect  of  concentration 
of  the  suspected  ingredient  in  the  presence  of  an  excess  of  amino 
acid  X;  the  test  must  be  made  in  the  presence  of  levels  of  X  in 

the  assay  range.  .  . 

Caution  should  be  used  in  attempting  to  estimate  precision  of 
the  methods  by  calculation  of  the  variation  of  assay  values  tor 
single  tubes  within  a  single  assay  experiment  or  to  increase  pre- 
cision  merely  by  increasing  the  replication  within  a  given  assay 
set-up.  Ordinarily  little  is  to  be  gained  by  the  use  of  moie  tha 
2  assay  levels,  or  3  tubes  at  each  level.  This  is  because  unesta  - 
lishedY factors  contribute  to  greater  variability  of  reP1'“t“  ‘ 
some  experiments  than  in  others  and  because  assay  values  obtam  d 
in  different  experiments  tend  to  vary  more  widely  than .is  ex  ec 
from  the  variation  of  replicates  within  a  given  experiment.  Ideal  y, 
replicate  hydrolysates  would  be  assayed  in  separate  experiments. 
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The  biologic  response  of  an  organism  should  not  be  assumed 
to  be  invariable.  Reported  observations  regarding  such  charac¬ 
teristics  as  relative  response  to  D-  and  L-isomers  should  be  ac¬ 
cepted  with  caution  and  verified  in  critical  applications  Consist¬ 
ency  of  response  in  different  experiments  cannot  always  be  taken 

for  granted.  ,  .  ,  c  , 

e)  Troubles— A  frequent  source  of  trouble  is  that  of  high 

blanks”  (growth  in  the  absence  of  additions  of  the  amino  acid 
to  be  assayed).  This  is  often  due  to  traces  of  the  amino  acid  being 
assayed  in  1  or  more  of  the  other  amino  acids  used  to  piepare  the 
basal  medium.  Presence  of  as  little  as  0.1%  of  the  amino  acid 
being  assayed  in  certain  of  the  other  amino  acids  may  cause  a 
high  blank.  The  following  contaminants  have  given  trouble  at 
various  times:  glycine  in  DL-alanine,  phenylalanine  and  cystine 
in  L-tyrosine,  leucine  in  DL-isoleucine,  isoleucine  in  DL-leucine, 
and  methionine  in  L-leucine  and  L-cystine.  Before  a  new  lot  of 
any  particular  amino  acid  is  used  to  prepare  basal  medium  it 
should  be  tested  for  contamination  with  the  amino  acid  to  be 
assayed.  Crudely  estimated  additions  of  the  dry  acid  to  assay  tubes 
will  suffice  for  such  tests. 

Sometimes  the  maximal  growth  control  becomes  increasingly 
lower  as  successive  assay  experiments  are  made.  This  is  frequently 
due  to  deterioration  of  the  stock  vitamin  solution  of  which  some 
of  the  essential  constituents  such  as  pantothenic  acid  and  biotin 
are  relatively  unstable.  The  stock  solution  should  be  renewed 
frequently  enough  so  that  secondary  vitamin  deficiencies  are  not 
imposed  on  the  amino  acid  deficiency. 

Stock  cultures  must  be  kept  pure.  High  blanks  or  erratic  results 
may  be  due  to  contamination  of  the  stock  culture.  The  best  pro¬ 
cedure  generally  is  to  secure  a  new  authentic  culture.  If  this  is  not 
convenient,  the  suspected  stock  should  be  plated  or  dallied  and 
isolated  colonies  selected  for  trial  as  new  stocks.  Although  strains 
of  lactic  bacteria  not  requiring  amino  acid  X  have  been  produced 
from  X-requiring  strains  in  some  cases  by  “training”  (serial  sub¬ 
cultures  in  increasingly  deficient  media),  no  troubles  with  spon¬ 
taneously  changing  requirements  have  been  reported  for  the 
assay  strains  under  discussion.  The  requirements  for  certain 
amino  acids,  however,  depend  on  other  constituents  of  the  assay 
medium.  Thus,  presence  of  high  levels  of  pyridoxine  (or  lower 
levels  of  pyridoxamine  or  pyridoxal)  or  of  CO.,  (as  in  tightly 
stoppered  tubes)  tends  to  eliminate  the  requirements  of  certain 
bacteria  for  certain  amino  acids  (21).  Some  of  these  effects  are 
noted  in  the  following  discussion.  The  general  nutritional  re¬ 
quirements  of  the  lactic  acid  bacteria  were  reviewed  by  Snell  (37). 
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ASSAY  OF  INDIVIDUAL  AMINO  ACIDS 

Specific  directions  lor  assay  of  individual  amino  acids  will  not 
be  attempted,  because  experience  is  insufficient  to  permit  recom¬ 
mendations  for  standardized  procedures.  Some  peculiarities  of 
individual  assays  and  references  to  the  recent,  unreviewed,  litera¬ 
ture  follow.  Earlier  references  (into  1946)  to  the  assay  of  individual 
amino  acids  were  tabulated  by  Schweigert  and  Snell  (34).  The 
amino  acids  required  by  23  strains  of  lactic  acid  bacteria  were 
reported  by  Dunn  et  al.  (9). 

Alanine.— L.  citrovorum  is  the  preferred  assay  organism  (31) 
because  of  its  relatively  high  sensitivity  and  because  of  the  lesser 
degree  to  which  pyridoxamine  and  pyridoxal  tend  to  eliminate 
the  alanine  requirement,  as  is  the  case  with  L.  arabinosus,  L.  casei 
(9595)  and  S.  faecalis  (21).  D-  and  L-alanine  are  equally  active. 
D-alanine,  but  not  L-alanine,  serves  in  suitably  complex  media  as 
the  nutritional  equivalent  of  vitamin  B(.  for  .S.  faecalis  and  L.  casei 
(7469).  These  organisms  have  been  used  for  determination  of 
D-alanine  in  hydrolysates  freed  of  vitamin  B6  by  filtration  through 
columns  of  activated  charcoal  (16). 

Arginine.— L.  mesenteroides  and  S.  faecalis  appear  to  be  pre¬ 
ferred  test  organisms  because  of  greater  resistance  to  interfering 
factors  and  greater  specificity.  They  are  unaffected  by  pyridoxine 
plus  C02,  in  the  presence  of  which  L.  arabinosus  can  synthesize 
much  of  its  arginine  requirement  (21).  The  metabolically  related 
compounds  ornithine  and  citrulline  may  substitute  for  arginine 
for  certain  lactic  acid  bacteria  (44);  thus  L.  mesenteroides  and 
S.  faecalis  can  use  only  arginine,  L.  arabinosus  can  use  either 
arginine  or  citrulline,  and  T.  fermentum,  arginine,  citrulline  or 
ornithine.  This  offers  the  possibility  of  determining  the  latter 
2  compounds  by  differential  response.  D-arginine  is  inactive  for 
S.  faecalis  and  L.  casei  (7469). 

Aspartic  acid.-L.  mesenteroides  appears  to  be  the  organism 
of  choice.  Biotin  in  concentrations  well  above  those  required  for 
maximal  growth  (0.2  ppm  as  compared  with  0.00005  ppm)  allows 
synthesis  of  aspartic  acid  by  L.  arabinosus,  L.  casei  (7469  and  9595) 
and  S.  faecalis  but  not  by  L.  mesenteroides  (41).  Presence  of  pyri¬ 
doxine  plus  sufficient  C02  reduces  the  aspartic  acid  requirement 
of  L.  arabinosus,  L.  casei  (7469)  and  S.  faecalis,  but  has  no  effect 
on  L.  mesenteroides  (21).  D-  and  L-isomers  are  essentially  equally 
active  for  L.  casei  (9595),  but  for  L.  mesenteroides  D-aspartic  acid 
is  60-100%  as  active  as  L-aspartic  acid.  Fortunately  L-aspartic 
acid  is  readily  available  and  should  be  used  as  the  standard.  Aspar- 
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agine  is  as  active  as  aspartic  acid  for  the  former  organism,  but  is 
much  less  active  than  aspartic  acid  for  the  latter. 

Cystine.— The  microbiologic  assay  of  cystine  was  studied  by 
Riesen  et  al  (29).  L.  mesenteroides  is  the  most  sensitive  and  most 
specific  in  its  requirement.  Since  cystine  is  destroyed  during  acid 
hydrolysis,  although  much  less  rapidly  than  during  alkaline  hy¬ 
drolysis,  its  determination  in  proteins  by  microbiologic  methods 
is  difficult.  Peptone  may  be  freed  of  cystine  for  use  in  assay  media 
by  treatment  with  hydrogen  peroxide  (22). 

Glutamic  acid.— L.  arabinosus  is  used  most  generally  for  deter¬ 
mination  of  glutamic  acid.  It  tends  to  give  markedly  sigmoidal 
dosage-response  curves,  presumably  owing  to  a  requirement  for  a 
low  concentration  of  glutamine  or  metabolically  related  factor 
which  is  synthesized  with  difficulty  in  the  absence  of  moderate 
concentrations  of  glutamic  acid.  The  tendency  is  minimized  by 
presence  of  a  small  concentration  of  glutamine  (2  ppm)  or  of 
tryptic  digest  of  casein  (which  supplies  an  unidentified  heat-stable 
factor),  by  replacement  of  aspartic  acid  by  asparagine,  by  increas¬ 
ing  size  of  the  inoculum  and  length  of  the  incubation  period  and 
by  lowering  initial  pH  of  the  medium  to  6.0. 

Although  D-glutamic  acid  is  approximately  10 °/0  as  active  as 
L-glutamic  acid  for  L.  arabinosus,  this  does  not  ordinarily  intro¬ 
duce  difficulty  since  L-glutamic  acid  is  readily  available  for  use 
as  a  standard.  Dunn  et  al  (7)  reported  that  although  D-glutamic 
acid  has  variable  activity  for  many  species,  it  has  no  effect  on  S. 
faecalis  but  is  fully  as  active  as  L-glutamic  acid  for  7  other  lactic 
acid  bacteria.  D-glutamic  acid  accordingly  may  be  estimated  by 
difference.  Protein  hydrolysates  may  be  freed  of  glutamic  acid 
for  use  in  assay  media  by  extraction  as  pyrrol idonecarboxylic  acid 
with  ethyl  acetate. 


Glutamine  and  pyrrolidonecarboxylic  acid  are  converted  to 
glutamic  acid  by  strong  acid  hydrolysis.  On  the  other  hand,  gluta¬ 
mine,  but  not  glutamic  acid,  is  converted  to  pyrrolidonecarbox¬ 
ylic  acid  (which  is  inactive  for  lactic  acid  bacteria)  by  heating  at 
neutrality.  The  reactions  thus  allow  determination  of  glutamine 
by  difference  (13).  Direct  determination  of  glutamine  has  been 
proposed  by  Roper  and  Mcllwain  (30),  who  use  a  relatively  non- 
virulent  strain  of  ^-hemolytic  streptococci.  Utilization  of  glutamic 
acid  is  completely  inhibited  by  inclusion  of  methionine  sulfoxide 
(a-ammo-y-methylsulfinyl butyric  acid)  in  the  assay  medium 
Adaptation  of  this  technique  to  determination  of  glutamine  by 
conventional  glutamic  acid  assay  organisms  has  not  been  reported, 
although  a  similar  relation  holds  for  L.  arabinosus  (1). 


240 


STUDY  OF  PEPTIDE  STRUCTURE 


Glycine.— L.  mesenteroides  and  L.  citrovorum  have  been  used 
as  assay  organisms  (14,  35,  39).  High  blanks  have  been  noted  owing 
to  chemical  contamination  of  the  assay  medium  with  traces  of 
glycine  (arising  particularly  from  alanine)  and  possibly  to  syn¬ 
thesis,  which  may  be  minimized  by  reduction  of  the  incubation 
period. 

Histidine.— L.  mesenteroides  is  unaffected  by  the  presence  of 
vitamin  Be  and  C02,  which  tend  to  eliminate  the  histidine  re¬ 
quirements  of  L.  arabinosus  and  S.  faecalis  (21).  D-histidine  is 
inactive  for  L.  mesenteroides  and  L.  citrovorum. 

Hydroxyproline;  hydroxylysine.— No  micro-organisms  have 
been  found  to  require  these  amino  acids. 

Isoleucine.— L.  mesenteroides  is  preferred  to  L.  arabinosus  since 
its  response  to  limiting  isoleucine  is  much  the  less  inhibited  by 
high  concentrations  of  leucine,  valine  and  methionine  (5).  Al¬ 
though  D-isoleucine  has  been  reported  as  inactive  for  S.  faecalis, 
L.  arabinosus,  L.  mesenteroides  and  L.  citrovorum,  Lyman  and 
Kuiken  (20)  noted  that  L.  arabinosus  can  partially  utilize  D-isoleu¬ 
cine  in  the  presence  of  pyridoxamine  and  a  restricted  concentra¬ 
tion  of  leucine.  Determination  of  isoleucine  is  attended  by  diffi¬ 
culties  in  the  choice  of  a  standard  lot  of  isoleucine.  Many  prepara¬ 
tions  of  DL-isoleucine  have  been  contaminated  with  alloisoleucine 
(biologically  inactive  or  only  partially  active).  There  is  no  reliable 
commercial  source  of  L-isoleucine. 

Leucine.— L.  mesenteroides  is  preferred  to  L.  arabinosus  for  the 
assay  of  leucine  because  it  is  the  less  inhibited  by  high  concentra¬ 
tions  of  isoleucine  and  valine  (5).  D-leucine,  though  reported  in¬ 
active  for  L.  arabinosus,  L.  casei  (7469),  L.  mesenteroides  and  S. 
faecalis,  in  some  circumstances  is  partially  active  for  L.  arabinosus. 

Lysine.— L-lysine  may  best  be  determined  with  L.  mesenteroides 
or  S.  faecalis.  Lysine  is  essential  for  L.  arabinosus  and  L.  casei 
(9595)  in  the  absence  of  pyridoxamine  or  pyridoxal.  S.  faecalis 
tends  to  dispense  with  lysine  in  the  presence  of  pyridoxme  and 
succinate  (21).  D-lysine  is  inactive  for  L.  mesenteroides  and  5. 

^Metoionine.— Lyman  et  al.  (22)  described  in  detail  the  assay  of 
methionine  with  L.  mesenteroides  and  S.  faecalis.  A  iy  rog 
peroxide-treated  peptone  may  be  used  to  supply  most  o  the  ammo 
acid  reuuiremems.  It  was  reported  to  give  more  consistently  satis 
factorv'restdts  than  a  pure  amino  acid  medium.  Homocystine  may 

ncre^e  the  response  of  methionine-deficient  L.  arabinosus  and 

L  casei  (7469),  and  homocystine  plus  choline  replaces  met  101*1” 
for  /  casei  17469)  (11).  Homocystine  and  cystathionine,  plus 
Hne  are  inacdve  hir  .1  faecalJ.  Use  of  L-methionine  as  an  assay 
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standard  is  recommended.  D-methionine,  although  reported  in¬ 
active  for  S.  faecalis,  L.  arabinosus,  L.  mesenteroides  and  L. 
citrovorum,  in  other  circumstances  has  been  found  partially  or 
completely  active  for  all  but  the  last-named  organism.  Thus  5. 
faecalis  is  reported  (20)  to  utilize  D-methionine  on  citrate  buffered 
medium  but  not  on  acetate  buffered  medium.  L.  fermentum 
utilizes  D-  and  L-methionine  equally  well. 

Phenylalanine.— L.  mesenteroides  is  the  preferred  test  organ¬ 


ism.  5.  faecalis  can  dispense  with  phenylalanine  in  the  presence  of 
pyridoxine,  and  L.  arabinosus  in  the  presence  of  pyridoxine  plus 
sufficient  C02  (21).  D-phenylalanine  has  proved  inactive  for  all 
organisms  tested  (L.  mesenteroides ,  L.  casei  (7469  and  9595),  L. 
arabinosus).  Borek  and  Waelsch  (2)  proposed  a  differential  assay 
for  D-phenylalanine  based  on  the  full  activity  of  both  D-  and 
L-phenyllactic  acid  in  substituting  for  the  L-phenylalanine  re¬ 
quirement  of  L.  arabinosus.  Phenylalanine  is  converted  to  phenyl- 
lactic  acid  by  nitrous  acid  treatment. 

Proline.— Although  L.  mesenteroides  has  been  used  almost  ex¬ 
clusively  for  assay  of  proline,  Dunn  et  al.  (8)  announced  a  prefer¬ 
ence  for  L.  brevis  because  L.  mesenteroides  may  dispense  with 
proline  on  prolonged  incubation.  L.  brevis  is  grown  in  an  arabi- 
nose-containing  basal  medium.  D-proline  has  been  reported  to  be 
inactive  for  L.  mesenteroides,  L.  citrovorum  and  L.  brevis. 

Serine.— L.  mesenteroides  has  been  suggested  (39)  as  the  organ¬ 
ism  of  choice  for  serine  assays  because  of  its  relatively  high  sensi¬ 
tivity  and  because  it  is  more  resistant  to  threonine  antagonism 
than  L.  casei  (7469  and  9595)  (24).  The  requirement  of  S.  faecalis 
for  serine  is  so  influenced  by  various  factors  (folic  acid,  adenine, 
guanine,  uracil,  pyridoxine)  as  to  make  it  unsuitable  for  assay 
purposes  (17).  D-serine  has  been  reported  inactive  for  L.  mesen¬ 
teroides  and  L.  casei  (9595).  Serine  is  destroyed  to  the  extent  of 
about  10%  by  refluxing  in  6N  HC1  for  24  hr  (28),  so  it  is  common 
practice  to  apply  a  correction  factor  to  assay  values. 

Threonine.— S.  faecalis  is  the  organism  of  choice  because  of 
its  higher  resistance  to  L-serine  antagonism  (24,  39)  than  L.  mesen¬ 
teroides  and  L.  citrovorum.  L.  fermentum  has  also  been  used  (10). 
In  the  presence  of  pyridoxine  L.  arabinosus  and  L.  casei  (7469 
and  9595),  but  not  S.  faecalis,  can  dispense  with  threonine  (21). 
D-threonine  and  DL-allothreonine  have  been  reported  inactive  for 
S.  faecalis  and  L.  arabinosus,  and  D-threonine  for  L.  mesenteroides 
u  col[r°v0rum-  Threonine  is  destroyed  to  the  extent  of  about 
5%  by  24  hr  of  refluxing  in  6N  HC1  (28),  so  that  it  may  be  desir- 

able  to  use  m.mmal  hydrolysis  periods  or  to  apply  a  correction 
factor  to  assay  values. 
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Tryptophane.— S.  faecalis  and  L.  mesenteroides  appear  to  be 
the  better  test  organisms.  Indole  and  anthranilic  acid  have  no 
effect,  although  they  can  substitute  for  the  tryptophane  require¬ 
ment  of  L.  arabinosns  (33)  and  L.  casei  (7469).  Pyridoxine,  and 
probably  serine,  is  necessary  for  utilization  of  indole  and  anthra¬ 
nilic  acid  by  L.  arabinosns  (32).  Although  D-tryptophane  has  been 
reported  without  effect  on  the  growth  of  S.  faecalis ,  L.  mesenter¬ 
oides  and  L.  casei  (7469),  it  has  also  been  reported  to  exert  an 
inhibitory  action  on  utilization  of  low  levels  of  L-tryptophane  by 
L.  arabinosns  and  L.  mesenteroides ,  but  not  S.  faecalis  (27).  Thus 
L-tryptophane  should  be  used  as  the  standard  for  assay  of  enzy¬ 
matic  digests,  and  DL-tryptophane  for  racemized  (alkaline)  hy¬ 
drolysates.  Proteins  may  be  freed  of  tryptophane  for  use  in  assay 
media  by  prolonged  acid  hydrolysis. 

The  principal  difficulty  in  microbiologic  determination  of  tryp¬ 
tophane  arises  from  its  lability  during  acid  hydrolysis.  Use  of 
alkaline  hydrolysis  necessitates  the  questionable  assumptions  that 
complete  hydrolysis  is  accompanied  by  complete  racemization  and 
no  destruction  of  tryptophane;  on  the  other  hand,  it  is  difficult  to 
obtain  complete  enzymatic  hydrolysis  (12).  Kuiken  et  al.  (19)  re¬ 
ported  that  the  loss  of  tryptophane  on  alkaline  hydrolysis  is  due 
to  oxidation  and  that  it  may  be  prevented  by  the  addition  of 
cysteine.  Maximal  values  were  obtained  after  autoclaving  with 
6N  Ba(OH)2  for  8  hr  at  120  C. 

Tyrosine.— L.  mesenteroides  is  the  organism  of  choice.  S.  faecalis 
can  dispense  with  tyrosine  in  the  presence  of  pyridoxine,  and  L. 
arabinosus  in  the  presence  of  pyridoxine  plus  C02  (21).  D-tyrosine 
has  been  reported  partially  active  for  L.  mesenteroides  and  L. 
citrovornm  (39);  in  other  circumstances  it  is  inactive  for  L.  mesen- 
teroides  and  L.  casei  (7469).  Peptone  may  be  freed  of  tyrosine  for 
use  in  assay  media  by  treatment  with  hydrogen  peroxide  (2-). 
Although  acid  hydrolysis  is  satisfactory  for  purified  proteins,  much 
destruction  of  tyrosine  occurs  in  the  presence  of  carbohydrate. 
Alkaline  hydrolysis  (5N  NaOH  for  10  hr  at  120  C)  is  satisfactory. 
DL-tyrosine  should  be  used  as  a  standard  for  assay  of  alkaline 

hydrolysates.  . 

Valine.— L.  mesenteroides  is  preferrd  to  L.  arabinosns  for  assay 
of  valine  since  it  is  the  less  inhibited  by  high  concentrations  of 
isoleucine  and  leucine  (5).  The  D-isomer  has  been  reported  in- 
active  for  L.  arabinosns ,  L.  mesenteroides,  L.  citrovornm  and  5. 

faecalis. 
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Molecular  Weight  Distribution  of  Peptides 

HENRY  B.  BULL,  Northwestern  University 


It  has  proved  possible  to  determine  the  molecular  weight  of 
proteins  spread  in  monolayers  on  salt  solutions  at  pressures  below 
about  1  dyne/cm  (1).  The  area  of  the  film  expressed  in  sq  m/mg  of 
protein  applied  to  the  surface  is  multiplied  by  the  corresponding 
film  pressures  in  dynes/cm,  and  these  products  are  plotted  against 
the  film  pressure.  A  linear  relation  is  characteristically  obtained 
which  can  be  expressed  by  the  equation 

FA  =aF+/?  (1) 

where  F  is  the  film  pressure  in  dynes/cm,  A  the  area  of  the  film 
in  sq  m/mg;  a  and  /3  are  constants.  At  F  equal  to  zero,  FA  is  equal 
to  (3.  Such  a  relation  is  analogous  to  the  behavior  of  a  gas  when  P, 
the  pressure,  is  multiplied  by  V,  the  volume,  and  plotted  against  P. 
At  zero  pressure  PV  is  equal  to  nRT,  where  n  is  the  number  of 
moles  of  gas,  R  the  gas  constant  and  T  the  absolute  temperature. 
It  can  be  shown  that  (3  is  also  equal  to  nRT.  Thus,  the  intercept 
of  the  straight  line  obtained  from  a  plot  of  FA  against  F  is  equal 
to  nRT.  We  can,  therefore,  calculate  the  number  of  moles,  n, 
of  protein,  and  since  we  know  the  weight  of  protein  applied  to 
the  surface,  we  can  calculate  the  molecular  weight  of  the  protein. 
When  the  area  is  expressed  in  sq  m/mg  of  protein,  R  in  ergs/0/ 
mole,  F  in  dynes/cm  and  T  is  298.1°  (25  C),  (3  is  equal  to  24.6  X 
102/Af  where  M  is  the  number  average  molecular  weight  of  the 
protein. 

It  can  be  seen  that  if  equation  (1)  be  divided  by  F,  at  high 
pressures  a  is  equal  to  A.  In  other  words  a,  the  slope  of  the  straight 
line,  is  equal  to  the  area  actually  occupied  by  the  "gaseous”  protein 
molecules  on  the  surface. 

The  published  results  on  protein  monolayers  are  being  con¬ 
firmed  and  greatly  extended.  The  method  has  the  advantage  of 
simplicity,  low  cost  and  rapidity.  Extremely  small  quantities  of 
material  are  required;  20-30  Mg  is  usually  all  that  is  necessary. 
With  available  apparatus,  50,000  represents  about  the  upper  limit 
of  useful  measurements.  For  lower  molecular  weights,  the  method 

245 


246 


STUDY  OF  PEPTIDE  STRUCTURE 

becomes  progressively  more  exact,  and  from  molecular  weights  of 
about  2,000-20,000  it  is  indeed  an  elegant  method. 

B\  an  extension  of  the  method  outlined  for  determination  of 
the  molecular  weights  of  proteins,  it  is  possible  to  measure  the 
molecular  weight  distribution  of  mixed  peptides  such  as  result 
from  the  partial  hydrolysis  of  proteins  by  acids,  by  bases  and  by 
enzymes  (2). 

The  method  consists  essentially  in  determination  of  the  number 
average  molecular  weight  of  the  spread  peptides  by  the  technique 
outlined  for  proteins.  After  this  has  been  accomplished,  the  film 
of  peptide  is  compressed  and  held  at  5  dynes/cm  for  5  min.  The 
smaller  peptides  are  displaced  from  the  surface,  and  the  film  has 
to  be  compressed  to  maintain  the  pressure  during  this  interval. 
The  film  is  re-expanded  and  the  number  average  molecular  weight 
of  the  peptides  remaining  on  the  surface  determined.  The  film  is 
then  recompressed,  this  time  to  10  dynes/cm  pressure  and  held 
at  this  pressure  for  5  min.  During  this  interval,  still  higher  molec¬ 
ular  weight  peptides  are  forced  out  of  the  surface  and  into  the 
underlying  salt  solution.  The  film  is  re-expanded  and  the  number 
average  molecular  weight  of  the  peptides  remaining  on  the  surface 
determined.  The  film  is  progressively  compressed  to  higher  and 
higher  pressures  in  discrete  steps  of  5  dynes/cm  each  until  as  much 
of  the  film  has  been  displaced  as  is  possible.  From  these  successive 
determinations  it  is  possible  to  calculate  the  molecular  weight  dis¬ 
tribution  of  the  peptides  in  the  mixture  by  methods  which  we 
shall  outline. 

APPARATUS 

a)  Trough.— The  trough*  which  contains  the  substrate  solution 
is  a  cast  aluminum  tray  65  cm  long,  14  cm  wide  and  1.5  cm  deep 
with  a  centimeter  scale  along  1  side.  A  metal  slide  with  which  the 
spread  films  are  compressed  is  spoken  of  here  as  the  movable  bar¬ 
rier.  The  mica  float  and  parts  used  for  the  tension  measurements 
were  removed  and  discarded.  The  chromium-plated  coppei  plug 
was  removed  and  replaced  by  a  cork  stopper.  The  trough  now 
supplied  by  the  manufacturer  is  made  of  bronze  instead  of  cast 
aluminum.  We  have  had  no  experience  with  a  bronze  tray,  but  it 
may  prove  unacceptable  owing  to  the  possibility  of  release  of 
copper  ions  from  the  tray  into  the  substrate  solution  (copper  ions 
in  quite  small  concentrations  can  bring  about  radical  changes  in  a 
protein  film).  Probably  the  best  material  with  which  to  construct 
a  tray  would  be  a  good  grade  of  plate  glass,  the  trough  being  sand- 

•Hydrophile  balance,  supplied  by  Central  Scientific  Co..  1700  YV.  Irving  Park 
Blvd.,  Chicago. 
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blasted  out.  We  find  it  convenient  to  place  the  trough  in  a  long 
metal  pan  which  catches  any  overflow  of  the  substrate  solution. 
The  rest  of  the  apparatus  is  thus  protected  from  contact  with  the 
salt  solution. 

The  trough  must  be  coated  with  some  hydrophobic  material; 
we  use  a  hard,  clear,  colorless  paraffin  wax.  The  trough  is  placed 
under  hot  running  water,  scrubbed  and  dried  rapidly  with  a  clean 
towel,  then  painted  with  a  hot  solution  of  wax  dissolved  in  pure 
benzene  (about  a  50%  solution).  It  is  allowed  to  cool  and  dry  over 
night,  then  scrubbed  with  a  piece  of  clean  paper  under  cold  run¬ 
ning  tap  water.  To  avoid  getting  the  paraffin  so  hot  that  it  is 
oxidized,  all  heating  of  the  paraffin  is  done  on  a  water  bath.  The 
movable  barrier  is  coated  with  paraffin  by  the  same  technique  as 
that  used  for  the  trough. 

So  long  as  the  edges  of  the  trough  remain  hydrophobic  and  are 
not  wet  by  the  substrate  solution,  resurfacing  with  paraffin  is  not 
necessary.  At  the  end  of  a  day’s  work  the  substrate  solution  is 
siphoned  out  of  the  trough  and  the  trough  washed  with  water.  It 
is  then  ready  for  refilling  and  reusing.  Frequently  it  is  possible  to 
restore  the  hydrophobic  character  of  the  surface  by  rubbing  the 
edge  of  the  trough  where  wetting  is  occurring  with  a  clean  piece 
of  paper  while  the  trough  is  filled  with  substrate  solution. 

b)  Wilhelmy  balance—  For  measurement  of  surface  pressures, 
we  use  the  Wilhelmy  balance.  The  method  involves  measurement 
of  the  pull  on  a  vertical  slide  which  extends  through  the  surface  of 
the  solution.  The  difference  in  vertical  pull  between  that  exerted 
by  a  clean  solution  surface  and  that  by  the  surface  with  spread 
material  on  it  is,  when  expressed  in  dynes/cm,  the  so-called  surface 
pressure. 

1  wo  microscope  cover  slips  are  suspended  in  parallel  from  an 
arm  of  a  Chain-o-matic  analytical  balance  and  the  weight  of  the 
slides,  while  extending  vertically  through  the  substrate  solution,  is 
measured  in  the  absence  of  the  spread  film  and  then  in  the  pres¬ 
ence  of  the  spread  film  at  various  degrees  of  compression.  The  film 
pressure  in  dynes/cm  is  calculated  by  multiplying  the  difference 
in  weight  in  grams  by  981  to  obtain  the  total  difference  in  pull  in 
dynes.  This  figure  is  then  divided  by  the  length  of  the  surface  of 
the  cover  slips  exposed  to  the  surface  of  substrate  solution  (double 
the  sum  of  the  widths  of  the  cover  slips)  to  give  the  film  pressure  in 

The  Wilhelmy  balance  can  be  used  either  as  a  null  instrument 
where  the  pull  of  the  slide  is  exactly  counterbalanced  by  the 
weight  applied  to  the  balance,  or  as  a  deflection  instrument.  For 
pressures  m  excess  of  2  dynes/cm  we  use  it  as  a  null  instrument; 
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to  measure  molecular  weights  in  the  low  pressure  region,  it  is  more 
conveniently  used  as  a  deflection  instrument. 

The  balance  and  trough  are  enclosed  in  a  cabinet  40  cm  wide, 
50  cm  high  and  125  cm  long.  One  face  of  the  cabinet  has  a  strip  of 
thick  window  glass  28  X  125  cm  extending  along  its  top,  and  a 
strip  12  X  125  cm  extending  along  the  bottom.  This  leaves  an  open 
section  10  cm  wide  along  the  length  of  the  cabinet  through  which 
the  apparatus  can  be  manipulated.  The  cabinet  rests  on  a  solid 
table  whose  4  legs  are  supported  by  sponge  rubber. 

A  polarograph  projection  lampf  rests  on  top  of  the  cabinet  and 
throws  a  beam  of  light  to  a  small  mirror  attached  to  the  center 
support  of  the  beam  of  the  analytical  balance.  The  mirror  is  in¬ 
clined  at  45°  and  reflects  the  light  to  a  larger  mirror  at  the  end 


1 


Fig.  1. — General  arrangement  of  Wilhelmy  balance  for  measurement  of 
film  pressures. 

of  the  cabinet  away  from  the  analytical  balance.  The  larger  mirror 
is  rotated  slightly  to  bring  the  beam  of  light  to  focus  on  a  strip 
of  graph  paper  attached  to  a  vertical  strip  of  wood  just  outside  the 
balance  end  of  the  cabinet.  The  beam  of  light  thus  travels  about 
200  cm  after  it  leaves  the  balance  mirror  and  gives  a  magnification 
factor  for  the  deflections  of  the  balance  of  about  25.  The  defec¬ 
tions  in  the  light  beam  produced  by  the  compression  of  the  film 
are  marked  on  the  graph  paper  with  an  inked  pen  by  hand.  Figure 
1  shows  the  general  arrangement  of  the  balance  and  trough. 

c)  Construction  of  Wilhelmy  slide.— We  use  2  microscope  cover 
slips,  40  X  50  mm,  and  marked  no.  00  Diamond  Brand  I.M.F.+ 
The  sensitivity  of  the  slide  depends  directly  on  the  thinness  of 

-{-Obtainable  from  E.  H.  Sargent  &  Company,  4647  Foster  Ave.,  Chicago. 

{Obtainable  on  special  order  from  Central  Scientific  Co.,  1700  W.  Irving  Park 
Blvd.,  Chicago. 
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the  cover  slips.  The  no.  00  cover  slips  vary  in  thickness  from  50  to 
100  a;  however,  the  thickness  of  any  given  slip  is  remarkably  uni¬ 
form  over  its  surface.  It  is  easily  possible  to  select  from  a  1  oz  lot 
of  cover  slips  12  or  so  whose  thickness  is  between  50  and  60  /x. 

It  is  not  possible  to  purchase  Wilhelmy  slides,  so  they  must  be 
made  in  the  laboratory.  During  construction,  the  cover  slips  are 
held  in  a  vertical  position  by  3  wood  blocks  held  together  by  a 
rubber  band.  The  center  block,  4  cm  wide,  is  the  distance  of 
separation  of  the  cover  slips.  A  glass  rod  is  drawn  out  in  a  flame 
to  a  diameter  of  slightly  less  than  1  mm,  cut  into  sections,  and  3 
equally  spaced  rods  are  laid  over  the  top  of  the  vertical  cover 
slips  and  attached  in  place  with  Duco  household  cement.  The 
partly  constructed  slide  is  then  laid  on  1  side  and  a  rod  attached 
near  the  top  of  the  cover  slips;  after  the  cement  is  dried  another 
rod  is  attached  to  the  other  side  in  a  similar  position.  These  side 
rods  give  rigidity  to  the  slide.  The  rubber  band  is  now  cut  and 
the  wood  blocks  removed.  The  suspension  rod  for  the  slide  is 
now  added.  This  is  a  drawn-out  glass  rod  with  hooks  in  each  end 
and  is  of  such  a  length  that  it  supports  the  slide  from  the  arm 
of  the  balance  with  about  1  cm  of  the  cover  slips  below  the  sur¬ 
face  of  the  substrate  solution.  The  suspension  rod  is  hooked  to 
the  center  rod  on  the  top  of  the  cover  slips  so  that,  when  sus¬ 
pended,  the  slide  hangs  at  an  even  keel.  The  suspension  rod  is 
then  cemented  into  place.  Four  support  rods  extending  about 
midway  on  the  suspension  rod  to  the  4  corners  of  the  Wilhelmy 
slide  are  cemented  into  place.  The  finished  slide  weighs  about 

1.2  g. 

The  cover  slips  are  cleaned  by  partly  immersing  the  slide  in 
fresh  sulfuric  acid-dichromate  cleaning  solution  overnight,  care 
being  taken  not  to  allow  the  acid  to  come  in  contact  with  the 
cemented  joints.  The  slide  is  washed  by  playing  a  stream  of  HoO 
from  a  wash  bottle  on  the  slips  and  then  partly  immersing  in  a 
concentrated  solution  of  trisodium  phosphate.  After  the  initial 
thorough  cleaning  with  the  sulfuric  acid-dichromate  solution,  it 
is  well  to  avoid  further  use  of  dichromate  because  chromate  ions 
tend  to  condition  the  cover  slips  so  that  protein  in  the  spread 
monolayers  readily  deposits  on  the  slide  and  prevents  proper 
wetting  of  the  slide  by  the  substrate  solution.  When  the  slides  are 
to  be  used  they  are  removed  from  the  trisodium  phosphate  solu¬ 
tion,  washed  carefully  with  pure  HoO  from  a  wash  bottle  and 
suspended  from  a  hook  and  allowed  to  drain  and  dry  the  excess 
water  being  removed  by  touching  with  clean  filter  paper. 

d)  Analytical  balance.- From  a  student  model  Chain-o-matic  an¬ 
alytical  balance,  the  glass  case  and  pans  are  removed.  The  weight 
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pan  is  replaced  by  a  microscope  cover  slip  2  X  2  cm  suspended  by 
a  drawn-out  glass  rod  in  the  form  of  an  inverted  letter  V;  attach¬ 
ment  to  the  cover  slip  is  made  with  Duco  cement. 

e)  Substrate  solution.— We  use  a  5%  ammonium  sulfate  solution 
(by  weight)  to  which  2%  of  glycerol  by  volume  has  been  added. 
The  ammonium  sulfate  is  made  up  in  a  stock  solution  which  is 
nearly  saturated.  It  is  treated  with  about  2  g  of  activated  char¬ 
coal/1  and  stirred  and,  after  a  short  interval,  filtered.  Concentra¬ 
tion  is  determined  by  density  measurements.  Portions  of  the 
stock  solution  are  diluted  to  5%  as  needed.  These  dilutions  are 
then  treated  with  activated  charcoal  and  filtered.  Glycerol  is 
added  just  before  use.  The  glycerol  must  not  be  added  to  the 
ammonium  sulfate  solution  before  charcoal  treatment  because 
the  glycerol  will  elute  surface-active  material  from  the  charcoal. 
The  glycerol  is  prepared  for  use  by  extracting  a  good  grade  of 
glycerol  4  or  5  times  with  equal  volumes  of  petroleum  ether.  The 
last  traces  of  petroleum  ether  are  removed  by  passing  a  vigorous 
stream  of  clean  air  through  the  glycerol  until  the  odor  of  petro¬ 
leum  ether  is  completely  absent.  The  purpose  of  the  glycerol  is 
to  increase  the  wettability  of  the  Wilhelmy  slide  by  the  substrate 
solution  and  to  retard  crystallization  of  the  ammonium  sulfate 
on  the  cover  slips. 


After  charcoal  treatment  the  dilute  ammonium  sulfate  solution 
is  filtered  directly  into  a  3  1  flask.  The  glycerol  is  added  and  mixed. 
The  mixture  is  siphoned  into  the  trough  through  a  glass  tube, 
air  pressure  being  applied  to  the  solution  in  the  flask  to  stait  the 
siphon.  The  trough  is  filled  so  that  the  surface  of  the  solution 
extends  about  1  mm  above  the  edges  of  the  trough.  The  surface 
of  the  ammonium  sulfate  solution  is  then  swept  clean  of  surface- 
active  impurities  by  moving  the  movable  barrier  from  the  balance 
end  of  the  trough  along  the  surface  of  the  trough  and  over  the 
opposite  end.  The  tip  of  a  clean  pipet  is  then  inserted  below  the 
surface  of  the  substrate  solution  and  solution  withdrawn  until 
miMtinn  ic  insr  level  with  the  edges  of  the  trough. 


above  the  level  at  rest,  the  3  mg  v 
the  light  beam  on  the  graph  paper 
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brought  to  within  8  cm  of  the  balance  end  of  the  trough.  It  should 
be  possible  to  restore  the  position  of  the  light  beam  by  addition 
of  3  mg  or  less  to  the  balance.  If  a  greater  weight  is  required,  it 
means  that  the  surface  of  the  substrate  solution  is  contaminated 
to  such  an  extent  that  useful  measurements  cannot  be  made. 

f)  Calibration  of  balance.- When  the  Wilhelmy  balance  is  used 
as  a  null  instrument  no  calibration  is  required.  All  that  is  needed 
is  an  exact  measure  of  the  width  of  the  covet  slips  to  calculate 
surface  pressure  from  the  difference  in  weight  of  the  Wilhelmy 
slide  in  a  clean  surface  and  that  with  a  spread  film  under  com¬ 
pression.  If  the  deflections  of  the  balance  are  to  be  used,  and  this 
method  is  recommended  for  the  low  pressures,  it  is  necessary  to 
calibrate  the  deflections  of  the  light  beam  in  terms  of  weights 
added  to  the  balance.  This  is  done  in  the  following  manner. 
Enough  weight  is  subtracted  from  the  balance  weight  to  cause  the 
light  beam  to  be  displaced  well  down  on  the  strip  of  graph  paper. 
This  is  to  make  certain  that  the  Wilhelmy  slide  is  well  wet.  The 
slides  are  then  raised  somewhat  by  the  addition  of  2  mg  and 
allowed  to  come  to  rest.  This  is  the  zero  reading.  The  position 
of  the  light  beam  is  marked,  and  weights  are  added  1  mg  at  a 
time  by  means  of  the  chain  on  the  balance.  The  various  positions 
of  the  light  beam  are  marked  on  the  graph  paper  after  each 
increase  in  weight.  The  entire  graph  paper  scale  is  covered  (10-12 
mg  of  weight).  The  weight  is  then  decreased  1  mg  at  a  time  and 
the  graph  paper  marked  accordingly.  The  graph  paper  units  of 
the  various  positions  of  the  light  beam  are  then  plotted  against 
the  weight  in  mg.  A  straight  line  should  be  obtained  and  the  line 
for  decreasing  weights  should  fall  on  the  line  of  increasing 
weights.  The  slope  of  the  line  yields  the  units  of  the  graph  paper 
corresponding  to  1  mg.  One  mg  should  produce  a  deflection  of 
about  2  cm  on  the  graph  paper.  The  sensitivity  of  the  balance  can 
be  increased  by  moving  the  damping  weight  on  the  balance  needle 
upward.  The  graph  paper  units  are  then  expressed  in  dynes/cm 
by  multiplying  the  mg  corresponding  to  1  unit  of  the  graph  paper 
by  0.981  and  dividing  by  twice  the  sum  of  the  widths  of  the  micro¬ 
scope  cover  slips  in  the  Wilhelmy  slide  expressed  in  cm. 

PROCEDURE 


a)  Application  of  peptide  to  surface.- The  solution  to  be  spread 
is  delivered  to  the  surface  of  the  ammonium  sulfate  solution  with 
a  Blodgett  pipet  (Fig.  2)-a  small  glass  tube  drawn  out  at  both 
ends  in  a  flame  and  inserted  with  a  snug  fit  through  a  hole  in  a 
rubber  stopper.  The  top  part  of  the  rubber  stopper  has  a  larger 
lole  cut  out  into  which  a  glass  tube  is  inserted.  The  liquid*  is 
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sucked  into  the  small  glass  tube  by  release  of  the  eye-dropper 
bulb;  the  excess  liquid  flows  out  of  the  upper  tip  of  the  pipet. 
Delivery  is  made  by  gently  squeezing  the  eye-dropper  bulb 
and  touching  the  drops  to  the  surface  as  they  form.  Care 
should  be  exercised  not  to  let  the  drops  fall  on  the  surface 
or  to  allow  the  tip  of  the  Blodgett  pipet  to  protrude  below 


Fig.  2.— Diagram  of  Blodgett  pipet. 


the  surface  of  the  substrate  solution.  The  practice  is  made 
to  distribute  the  drops  over  the  substrate  solution  rather 
than  to  confine  delivery  to  a  small  area.  The  Blodgett 
pipet  is  calibrated  by  delivering  a  series  of  5  fillings  of 
water  to  a  weighing  bottle  and  taking  an  average  weight.  Our 
present  pipet  delivers  a  volume  of  0.0850  ml. 

b)  Determination  of  molecular  weight—  The  surface  of  the 
ammonium  sulfate  solution  is  swept  clean  with  the  movable  bar¬ 
rier,  which  is  pushed  to  the  end  of  the  trough  away  from  the 
balance.  The  clean,  dry  Wilhelmy  slide  is  suspended  from  the 
balance  and  the  zero  point  indicated  by  the  beam  of  light  on  the 
graph  paper  recorded  as  already  described  under  (f),  making  cer¬ 
tain  that  the  slide  is  wet  by  the  substrate  solution.  The  amount 
of  peptide  which  will  give  about  0.2  dynes/cm  is  spread.  The 
weight  of  peptide  used  depends  on  the  amount  of  the  peptide 
which  remains  on  the  surface.  Ordinarily  about  40  ^g  is  a  con¬ 
venient  weight.  About  3  min  is  allowed  to  elapse  before  compres¬ 
sion  of  the  film  is  started.  Then  about  5  pressure  readings  are 
taken  below  1.5  dynes/cm  as  the  movable  barrier  is  moved  inward. 
Sufficient  time  is  allowed  at  each  position  of  the  barrier  lot  the 
slide  to  reach  its  new  deflection.  It  is  useful  to  add  about  ~  mg 
weight,  then  to  remove  the  weight  to  allow  the  slide  to  teach  the^ 
final  deflection  faster.  After  readings  in  the  low  pressure  region 
are  complete,  the  film  is  compressed  directly  to  5  dynes/cm  and 
held  at  this  pressure  for  5  min  by  moving  the  barrier  in  as  the 
pressure  tends  to  drop.  The  apparatus  is  used  as  a  null  point 
instrument  in  these  higher  pressure  regions.  The  final  area  at 
5  dynes/cm  pressure  is  noted. 

The  film  is  then  fully  expanded,  and  after  about  1  mm  a  series 
of  5  readings  is  taken  at  pressures  below  1.5  dynes/cm.  The  film  is 
then  compressed  to  10  dynes/cm  and  held  there  for  5  nun,  then 
fully  expanded  and  quickly  compressed  to  5  dynes/cm  and  the 
area  noted.  The  areas  obtained  at  5  dynes/cm  pressures  are  very 
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helpful  as  a  check  on  the  calculations  to  be  described  later.  The 
film  is  fully  expanded  and  the  low  pressure  readings  are  taken, 
then  compressed  to  15  dynes/cm  and  the  5  dyne/cm  area  noted, 
and  then  the  low-pressure  readings  made.  This  process  of  com¬ 
pression  and  expansion  is  continued,  increasing  the  pressure  on 
the  compressed  film  by  5  dynes/cm  intervals,  until  as  much  of  the 
film  has  been  displaced  as  is  possible,  i.e.,  until,  on  the  final  com¬ 
pression,  the  movable  barrier  is  almost  touching  the  Wilhelmy 
slide.  Naturally,  if  the  peptide  film  passes  into  solution  during 
the  first  few  compressions,  one  should  select  closer  intervals  than 
5  dynes/cm  for  the  compressions. 

c)  Calculations— The  pressures  in  dynes/cm  obtained  in  the 
low  pressure  region  after  expansion  from  the  high  pressures  are 
multiplied  by  the  area  of  the  film  in  sq  m  and  the  values  plotted 
against  the  corresponding  pressures.  The  best  straight  lines  are 
drawn  through  the  points,  giving  greater  weight  to  the  points 
obtained  at  the  pressures  in  the  neighborhood  of  1  dyne/cm.  The 
slopes  of  these  lines  yield  the  gaseous  area  of  each  film  in  sq  m. 
These  areas  should  be  plotted  against  the  corresponding  5 
dyne/cm  aieas.  A  close  relation  should  be  found  between  these 
2  sets  of  areas  and  it  should  be  linear.  This  constitutes  a  valuable 
check  on  the  measurements. 


Before  the  molecular  weights  of  the  various  peptide  films  can 
e  calculated,  the  weight  of  the  peptide  remaining  on  the  surface 
after  the  several  compressions  must  be  known.  No  exact  way  has 
been  found  to  obtain  these  weights.  However,  an  approximate 
estimate  was  done  in  the  following  manner.  A  known  weight  of 
intact  and  purified  egg  albumen  was  spread  on  the  surface  and 
compressed  to  5  dynes/cm.  Under  these  conditions,  1.11  mg  of 
th.s  protein  occupied  1  sq  m  of  surface.  The  peptides  obtained 
rom  a  partial  acid  hydrolysis  of  egg  albumen  were  spread  and  com- 
piessed  to  5  dynes/cm  for  5  min,  the  film  was  expanded  and  the 
low  pressure  readings  made.  The  area  of  the  gafeous  film  in  sq 
ill  was  calculated  from  the  slope  of  the  line  when  FA  was  plotted 
against  F.  Some  20  individual  peptide  films  were  studied  and  the 
gaseous  areas  plotted  against  the  5  dynes/cm  areas  A  good  straight 
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not  be  greatly  different  for  various  peptide  mixtures.  The  weights 
of  the  peptides  remaining  on  the  surface  expressed  in  mg  are 
then  divided  into  the  intercepts  on  the  TvTaxis  obtained  by 
plotting  FA  against  F.  This  gives  the  various  values  for  /?.  When 
these  values  for  p  are  divided  into  24.6  X  102,  the  corresponding 
number  average  molecular  weights  of  the  peptides  in  the  films 
are  found. 

To  determine  the  molecular  weight  distribution  of  the  peptide 
mixture,  the  total  number  of  moles  of  peptide  remaining  on  the 
surface  after  any  given  compression  is  calculated  by  dividing  the 


Fig  3  -Molecular  weight  distribution  curve  of  peptides  from  egg  albu¬ 
men  aftr  removal  of  isoelectric  hea.-coagulable  materia  .  pariial  pepU 

hydrolysate  pH  1.7;  2,  partial  HC1  hydrolysate;  3,  partial  Ba(OH),hydroI 
ysate. 


weight  of  the  peptide  film  obtained  from  the  gaseous  area  o£d* 
film  by  the  number  average  molecular  weight  o  • 

numbers  are  then  plotted  against  the  weight  of  the  pepttto.n  the 
film  A  smooth  curve  is  drawn  through  tie  poi  The 

»dE»« « v.."”'1  . .  OI  m* 

.«■ . . 

§\Ve^use^ Bausch  ft  Lomb  Tangent  Meter  for  measuring  the  slopes. 
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This  gives  a  molecular  weight  distribution  curve  for  the  peptides. 
Figure  3  shows  such  curves  for  the  peptides  obtained  from  the 
acid,  the  base  and  the  peptic  hydrolysis  of  egg  albumen. 

When  the  logarithm  of  the  molecular  weights  of  the  peptides 
displaced  from  the  surface  for  an  acid  hydrolysate  of  egg  albumen 
was  plotted  against  the  pressures  at  which  the  compressions  were 
made,  a  linear  relation  was  obtained.  This  straight  line  extrapo¬ 
lated  at  zero  pressure  to  about  3.  This  means  that  peptides  whose 
molecular  weight  was  1000  or  less  passed  spontaneously  into  the 
substrate  solution  and  did  not  remain  on  the  surface. 

Much  qualitative  information  about  a  peptide  mixture  can  be 
had  by  simply  observing  the  areas  at  the  various  pressures  as  the 
film  is  compressed.  If  the  peptide  mixture  contains  no  peptides 
whose  molecular  weight  is  above  about  1000,  the  mixture  will 
not  form  a  surface  film  at  all.  If  the  film  is  unable  to  sustain  a 
pressure  of  10  dynes/cm,  it  probably  means  that  there  are  no 
peptides  whose  molecular  weight  is  in  excess  of  about  5000. 

We  have  attempted  to  outline  the  method  for  analyzing  a  mix¬ 
ture  of  peptides  on  the  basis  of  their  molecular  weights.  The 
method  is  not  simple  and  requires  the  attention  of  a  skilled  re¬ 
searcher.  We  do  not  believe  it  is  safe  to  trust  these  measurements 
to  an  ordinary  technician. 
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Use  of  1 : 2  : 4-Fluorodinitrobenzene  in  Studies 
of  Protein  Structure 

R.  R.  PORTER,*  Cambridge  University 


There  are  3  principal  advantages  to  be  gained  from  a  method 
of  end-group  assay  which  is  applicable  to  proteins  and  peptides. 
(1)  Such  a  method  will  enable  the  number  of  open  polypeptide 
chains  in  a  protein  to  be  estimated  and  may  indicate  the  branch¬ 
ing,  if  any,  of  such  chains.  (2)  More  detailed  characterisation  of 
proteins  in  relation  to  their  biological  activity  will  be  possible. 
(3)  The  method  should  be  adaptable  to  the  determination  of  the 
amino  acids  in  sequence  in  peptides. 

It  is  not  surprising,  therefore,  that  the  subject  attracted  a  num¬ 
ber  of  workers.  An  assessment  of  earlier  attempts  to  find  such  a 
method  was  given  by  Fox  (7)  in  1945.  None  of  the  methods  dis¬ 
cussed  were  capable  of  more  than  limited  use,  but  in  the  same 
year  Sanger  (21)  described  the  identification  and  estimation  of 
the  terminal  amino  acids  of  insulin,  which  carry  a  free  amino 
group.  Subsequent  work  has  shown  that  this  method  is  generally 
applicable  to  the  3  problems  mentioned  above  and  to  all  proteins 
and  peptides.  It  has  in  addition  been  used  to  estimate  the  variable 
reactivity  of  the  amino  and  imidazole  groups  of  proteins  under 
different  conditions,  thus  giving  some  information  about  their 
finer  structure  and  interaction. 

The  reagent  used  in  this  method  is  1 :2:4-fluorodinitrobenzene 
(FDNB),  which  was  found  to  react  quantitatively  with  the  amino 
groups  of  proteins  at  room  temperature  and  at  pH  8.5. 1  he  amino 
acid  residue  derivatives  which  are  formed  are  largely  stable  to 
drastic  acid  hydrolysis.  The  dinitrophenyl  (DNP)-amino  acids 
which  result  are  brightly  coloured  and  can  be  fractionated  by 
chromatography  on  wet  silica  gel  (9,  10)  and  then  estimated  coloii- 
metrically.  The  DNP-amino  acids  include  those  which,  in  the 
protein,  had  a  free  a-amino  group  and  hence  the  identity  and 

•The  author  wishes  to  thank  the  Medical  Research  Council  for  a  personal 
grant. 
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number  of  terminal  amino  acids  may  be  found.  1  he  principle  of 
the  method  can  be  expressed  as  follows: 
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The  N5  amino  groups  of  lysine  react  and  the  N5  DNP  lysine 
can  be  isolated  and  estimated;  the  imidazole  group  of  histidine 
residues  and  the  phenolic  group  of  tyrosine  residues  also  react 
but  give  colourless  derivatives.  The  sulfydryl  group  of  cysteine 
reacts  to  give  a  coloured  compound  which  appears  to  be  unstable 
to  acid  hydrolysis. 

The  en  or  of  the  method,  arising  chiefly  from  the  correction 
necessary  for  the  partial  breakdown  of  the  DNP  derivatives  on 
acid  hydrolysis,  is  at  least  5%.  This  error  does  not  affect  the 
validity  of  the  method,  for  the  purpose  for  which  it  was  devised, 
but  reduces  its  value  as  an  alternative  method  for  the  estimation 
of  lysine,  for  which  more  accurate  methods  are  already  available. 


TECHNIQUE 

The  technique  of  the  method  falls  into  a  number  of  stages 
which  will  be  considered  in  turn. 

L  Preparation  of  1: 2 :4-fluorodinitro benzene.— According;  to  the 

D9*4°MdeS?-bed  ? Y  C0°k  and  Saunders  (6)>  101  g  (0.5  mol)  of 
1.2.4-cnlorodinitrobenzene  is  dissolved  in  101  g  of  dry  nitroben- 

thC  miXtUre  iS  addGd  60  S  mo1)  of  finely  powdered 
y  ■  -fifie  mixture  is  heated  on  an  oil  bath  at  190-195°  for 

refliUX  ^  With  Very  viSorous  stirring.  A  long-necked 

apparatus  Th  aSS  -Cham  ^  the  mOSt  convenient  form  of 

"K  The  mixture  ls  co°led  and  filtered  through  sintered 

Th  ^  w°Tfnc\C  SaltS  remaining  being  washed  with  hot  toluene 
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It  should  be  noted  that  FDNB  is  a  vesicant,  though  its  effect  on 
skin  varies  very  much  with  the  individual  concerned.  Severe  sensi¬ 
tisation  has  been  known  to  result  in  2  cases,  but  in  the  majority 
there  is  either  no  effect,  or  comparatively  minor  blisters,  which 
disappear  in  1  or  2  weeks,  are  produced.  It  is  clearly  advisable  to 
take  all  precautions  when  handling  and  disposing  of  the  reagent. 

2.  Preparation  of  silica  gel.— The  gel  is  prepared  as  described 
by  Gordon,  Martin  and  Synge  (9)  with  only  minor  modifications. 
One  vol  of  commercial  waterglass,  1  vol  of  HoO  and  1  vol  of  ice 
are  well  stirred  in  a  large  vessel;  HC1  (12N)  is  slowly  poured  in, 
writh  continual  stirring,  until  the  mixture  of  precipitated  silica 
is  acid  to  thymol  blue.  During  the  precipitation  the  mixture  be¬ 
comes  very  stiff  but  liquefies  again  as  the  correct  pH  is  reached. 
It  is  allowed  to  stand  for  3  hr,  HC1  being  added  to  maintain  the 
acidity  if  necessary.  The  silica  is  filtered  off  on  a  large  Buchner 
funnel  and  washed  well  (approximately  2  1  of  water/250  g  of  gel). 
This  precipitate  is  suspended  in  0.5N  HC1  for  2  days,  filtered 
and  washed  until  free  of  HC1.  It  is  then  dried  in  a  current  of 
warm  air  at  70°. 

Several  authors  have  reported  considerable  variation  in  the 
properties  of  different  batches  of  silica  gel  prepared  under  appar¬ 
ently  standard  conditions  for  the  fractionation  of  acetamino 
acids  (10,  25)  and  organic  acids  (11).  In  our  preparations  of  gel  for 
the  fractionation  of  DNP-amino  acids  similar  inexplicable  varia¬ 
tion  in  properties  has  been  observed.  This  variation  shows  itself 
in  the  different  absolute  and,  to  a  lesser  extent,  relative  rates  of 
DNP-amino  acids  when  the  same  solvent  systems  are  employed. 
According  to  the  characteristics  of  different  preparations,  some 
minor  changes  in  the  scheme  of  fractionation  of  the  DNP-amino 
acids  may  be  necessary.  In  no  case  has  a  batch  of  gel,  prepared  in 
this  laboratory,  been  found  unsuitable  for  use,  but  published  (5, 
15)  and  unpublished  reports  from  other  laboratories  show  that 
serious  difficulty  may  be  met.  With  some  solvent  systems  the  DNP 
derivatives  were  found  to  run  fast  or  be  tightly  adsorbed  and  fai 
to  move  at  all.  The  source  of  the  sodium  silicate  appears  to  be 
more  critical  than  the  method  of  preparation.  In  the  fractionation 
of  penicillins  (12)  and  fatty  acids  (14)  by  partition  chromatog¬ 
raphy,  use  has  been  made  of  buffered  columns,  and  this  technique 
has  been  applied  successfully  to  the  fractionation  of  DNP-amino 
acids  (13)  By  this  modification  the  variability  of  different  prepara- 
dot  of  gel  appears  to  be  partly  obviated  and,  if  difficulty  is  met, 

recourse  to  this  technique  may  be  advisable. 

An  attempt  has  been  made  to  fractionate  DNP-amino  acids 
partition  chromatography  on  paper  (15).  The  same  amounts  of 
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material  are  required  as  for  the  fractionation  on  silica  gel,  and  it 
seems  unlikely  that  this  method  can  be  made  quantitative. 

3.  Preparation  of  DNP-amino  acids.- To  identify  unknown 
DNP-amino  acids  by  partition  chromatography  it  is  essential  that 
synthetic  compounds  be  available  for  comparison,  for  their  color¬ 
imetric  estimation  it  is  desirable  that  the  same  DN1  deii\ative  be 
used  in  the  calibration,  though,  using  the  Beckman  spectrophotom¬ 
eter,  little  difference  in  the  absorption  curves  of  the  different 
derivatives  was  observed. 

The  same  method  of  preparation  can  be  used  for  all  except  the 
diamino  amino  acids,  and  the  preparation  of  DNP-L-valine  may 
be  taken  as  typical. 

a)  preparation  of  DNP-L-valine.— For  this,  0.38  g  (0.3  mol) 
of  L-valine  and  1.1  g  of  NaHC03  are  dissolved  in  14  ml  of  H20, 
and  to  this  is  added  1.1  g  (0.6  mol)  of  FDNB  dissolved  in  28  ml 
of  ethanol.  The  mixture  is  shaken  for  2  hr  at  room  temperature, 
concentrated  to  remove  ethanol,  dissolved  in  water  and  the  ex¬ 
cess  FDNB  extracted  with  ether.  The  aqueous  solution  is  acidified 
with  N  HC1  and  the  DNP-L-valine,  which  precipitates,  filtered  off. 
It  can  be  crystallised  from  aqueous  methanol  and  recrystallised 
from  ether-ligroin.  Yield  is  0.45  g,  mp  130.5°. 

b)  preparation  of  N5  DNP-L-lysine.— To  prepare  N5  DNP- 
L-lysine  and  N4  DNP-ornithine,  the  N1  amino  group  is  blocked  in 
a  copper  complex  before  reacting  with  FDNB.  Five-tenths  g  of 
L-lysine  is  dissolved  in  10  ml  of  HoO  and  CuC03  added  slowly  to 
the  boiling  solution  until  no  more  dissolves.  The  excess  CuC03 
is  filtered  from  the  dark  blue  solution  and  washed  with  2-3  ml 
of  HoO.  To  this  solution  excess  NaHC03  and  1.5  g  of  FDNB 
dissolved  in  20  ml  of  ethanol  are  added.  The  mixture  is  shaken 
for  2  hr  at  room  temperature,  the  precipitate  filtered  off  and 
washed  with  water,  ethanol  and  ether.  It  is  suspended  in  5  ml  of 
HoO  and  just  sufficient  N  HC1  added  to  produce  a  clear  solution. 
Fhis  is  cooled  in  ice,  H2S  bubbled  through  for  2  min,  a  little 
charcoal  added  and  the  mixture  filtered  immediately.  The  filtrate 
is  rapidly  taken  to  dryness  in  vacuo  and  the  N5  DNP-L-lysine 
hydrochloride  crystallised  from  water  and  recrystallised  from  20% 
HC1.  Yield  is  0.45  g,  mp  180°. 

c)  Methods  of  crystallising  the  different  DNP-amino  acids  listed 
here  may  be  found  in  references  (20),  (21)  and  (22). 


DNP-L-alanine:  from  ethanol  and  H20 

^x!£'f'arginine:  from  dilute  and  strong  HC1  mn  ok 

DNP-DL-aspartic  acid:  from  H20  " 

di-  (DNP)-L-cystine:  from  ethylene  glycol-monoethyl  ether-HsO 
and  recrystallised  from  acetic  acid-HaO 
DNP-L-glutamic  acid:  not  yet  prepared  in  crystalline  form 


mp  178° 
(decomp.) 
(decomp.) 

mp  109* 
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DNP -glycine:  crystallises  on  acidification  of  reaction  mixture  and 

can  be  recrystallised  from  H20  rap  205° 

di-DNP-histidine:  from  acetic  acid-H20  mp  250°  (decomp.) 

DNP-L-hydroxyproline:  not  yet  prepared  in  crystalline  form 
DNP-DL-isoleucine:  from  methanol-H20  mp  166° 

DNP-DL-leucine:  from  acetic  acid-HaO  and  ethanol-H20  mp  203° 

di-DNP-L-lysine:  from  formic  acid-H20  and  methanol-H20  mp  146° 

DNP-DL-methionine:  from  dry  ether-ligroin  mp  117° 

N*-DNP-L-ornithine:  from  H20  and  N  HC1  mp  223°  (decomp.) 

Nx-DNP-DL-ornithine:  from  H20  mp  227°  (decomp.) 

DNP-L-phenylalanine:  from  methanol-H20  mp  186° 

DNP-L-proline:  from  ether-ligroin  and  acetic  acid-H20  mp  137° 

DNP-DL-serine:  from  methanol  mp  199° 

DNP-DL-threonine:  from  methanol-H20  mp  152° 

DNP-L-tryptophane:  from  methanol-H20  mp  175° 

di-DNP-DL-tyrosine:  from  methanol-H20  mp  84° 


No  difference  in  fractionation  or  estimation  has  been  detected 
between  the  optical  isomers  of  DNP-amino  acids. 

4.  Preparation  of  DNP-proteins.—T^he  protein  and  an  equal 
weight  of  NaHC03  are  dissolved  or  suspended  in  10  times  the 
weight  of  HoO.  To  this  is  added  twice  the  volume  of  an  ethanolic 
solution  (10%  w/v)  of  FDNB  and  the  mixture  is  shaken  for  2  hr  at 
room  temperature.  The  DNP-protein,  which  is  usually  insoluble, 
is  centrifuged  and  washed  3  times  each  with  water,  ethanol  and 
ether.  It  is  air  dried  for  several  days.  If  a  soluble  DNP-protein, 
such  as  DNP-salmine,  is  encountered  the  ethanol  should  be  evapo¬ 
rated  at  low  temperature  in  vacuo,  the  excess  FDNB  extracted 
with  ether  and  the  solution  acidified.  If  still  soluble,  the  salts  may 
be  removed  by  dialysis,  or  recourse  to  a  desalting  apparatus  such 
as  that  described  by  Consden,  Gordon  and  Martin  (4)  may  be 


necessary.  .  .  .  .  ,  .  , 

To  estimate  the  content  of  the  original  protein  in  the  air-dried 

DNP-protein  it  is  necessary  to  estimate  the  content  of  a  group  or 
residue,  which  is  unaffected  by  the  reaction,  in  each  sample.  Esti- 
mation  of  the  amide  group  has  been  found  to  be  a .simple :  and 
accurate  method.  Amide  estimations  are  carried  out  by  hydro  ysis 
of  the  protein  in  boiling  2N  HC1  for  4  hr  followed  by  dtst.llat.on 
of  the  amide  ammonia  in  a  micro-Kjeldahl  apparatus  at  95  using 

a  borate  buffer  at  pH  9.5. 

An  approximate  figure  for  the  ratios  can  be  calctda  ed  from 
the  mois  ure  content  and  the  number  of  DNP  groups  to  be  ex¬ 
pected  from  the  amino  acid  content  oftheproteimfnmostc^ses 
the  air-dried  DNP-protein  contains  about  /5%  of  the  g 

Hydrolysis  OF  DNP-PROTE.NS.-The  weight  of  DNP-protein  re¬ 
quired  necessarily  depends  on  the  number  of  .ammo 

*  '^oo' is — 
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taken.  Owing  to  the  lability  of  some  DNP-amino  acids,  it  is  neces¬ 
sary  to  carry  out  the  hydrolysis  under  3  sets  of  conditions. 

1.  Hydrolysis  in  boiling  5.7N  HC1  for  24  hr  will  destroy  all 
peptide  bonds  and  leave  sufficient  of  all  the  DNP-amino  acids, 
except  the  derivatives  of  glycine,  proline  and  hydroxyproline,  for 


identification.  „  ,  , 

2.  Hydrolysis  in  12N  HC1  (sealed  tube)  at  105  for  24  hr  enables 

DNP-proline  and  DNP-hydroxyproline  to  be  identified. 

3.  Boiling  in  5.8N  HC1  for  4  hr  will  leave  sufficient  DNP- 
glvcine  for  identification. 

Under  the  last  2  conditions  DNP-peptides  may  be  present,  but 


these  can  readily  be  recognised  by  submitting  the  coloured  deriva¬ 
tives  to  further  hydrolysis. 

For  estimation  of  the  DNP-amino  acids  in  a  hydrolysate  it  is 
clearly  desirable  to  use  the  least  drastic  conditions  of  hydrolysis 
which  are  sufficient  to  break  all  the  adjacent  peptide  bonds. 

The  approximate  breakdown  times  of  the  derivatives  are  given 
in  Table  1,  but  for  the  exact  figures  it  is  advisable  to  make  a 
direct  estimation  of  the  loss  in  the  presence  of  the  protein  being 


examined  and  under  the  conditions  used. 


TABLE  1.— Approximate  Breakdown  of  DNP-Amino  Acids  on 


Acid  Hydrolysis 


Amino  Acid  Derivative 

Hydrolysis  in  Boiling 
5.7N  HC1 

Hydrolysis  for  16  Hr 
in  12N  HC1  at  105° 

Time,  Hr 

Amt 

Unchanged,  % 

Amt  Unchanged 

( min.  fig. ) ,  % 

DNP-alanine 

12 

80 

75 

DNP-arginine 

12 

90 

75 

DNP-aspartic  acid 

24 

60 

75 

bis-DNP-cystine 

12 

25 

0 

DNP-glutamic  acid 

12 

75 

75 

DNP-glycine 

8 

40 

50 

DNP-hydroxyproline 

4 

40 

50 

DNP-isoleucine 

12 

80 

75 

DNP-leucine 

12 

80 

75 

di-DN  P-lysine 

8 

95 

75 

N5DNP-lysine 

12 

95 

DNP -methionine 

12 

75 

75 

DNP-phenylalanine 

12 

70 

50 

DNP-proline 

2 

10 

DNP-serine 

12 

90 

DNP-threonine 

24 

Q0 

DNP-tryptophane 

12 

90 

/  J 

0 

50 

75 

DNP -tyrosine 

12 

75 

DNP-valine 

12 

80 

a.  Preparation  of  silica  gel  columns.- The  wet  gel  is  prepared 
m  severai  ways  according  to  the  solvent  system  in  conjunction 
with  which  it  is  to  be  used.  In  most  cases  one-half  its  weight  of 
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H20  is  ground  into  the  dry  gel,  but  if  intended  for  fractionation 
of  basic  DNP-amino  acids  one-half  the  weight  of  N  HC1  is  used 
instead  of  H20.  This  is  done  because  N5  DNP-L-lysine  is  unstable 
on  the  column  unless  a  low  pH  is  maintained.  If  mixed  organic 
solvents  with  a  water-miscible  component  are  used,  two-thirds  the 
weight  of  the  aqueous  phase  is  ground  into  the  dry  gel. 

To  prepare  the  column,  the  wet  gel  is  well  mixed  with  wet 
organic  solvent  to  give  an  even  freely  running  suspension.  This 
is  poured  into  a  vertically  held  glass  tube  (30  X  1.5  cm  is  con¬ 
venient)  whose  lower  end  has  been  turned  to  support  a  perforated 
silver  disk  and  filter  paper.  The  column  is  rotated  as  it  settles  to 
remove  air  bubbles  and  the  supernatant  solvent  allowed  to  drain 
through,  care  being  taken  that  the  bottom  of  the  column  is 
always  immersed  in  the  solvent  in  the  receiving  vessel.  Unless  this 
is  done,  the  column  will  crack  and  have  to  be  discarded.  Frequent 
cracking  of  columns  despite  this  precaution  occurs  if  the  gel  has 
too  high  a  water  content. 

The  compositions  of  the  solvent  systems,  and  abbreviations  used 
to  denote  them,  are  given  in  Table  2.  All  the  solvents  are  kept 
in  contact  with  a  small  amount  of  aqueous  phase,  and  sufficient 


TABLE  2  —  Composition  of  Solvent  Mixtures 


Abbreviation 

Chloroform 

CB1 

CB3 

CB5 

CB15 

CB30 

AL 

EL 


AC 

PC 

MC 


M66 

GB 


Composition 

chloroform  sat.  with  HsO 
99%  chloroform  1%  n-butanol  sat.  with  H20 
97%  chloroform  3%  n-butanol  sat.  with  H20 
95%  chloroform  5%  n-butanol  sat.  with  H20 
85%  chloroform  15%  n-butanol  sat.  with  H20 
70%  chloroform  30%  n-butanol  sat.  with  H,0 
1  vol  H,0,  2  vol  ethanol,  10  vol  petroleum  ether 
(bp  90-100°) 

1  vol  ether,  2  vol  petroleum  ether  (bp  90-100°)  sat. 
with  H20 

1  vol  HoO,  1  vol  acetone,  10  vol  cyclohexane 
1  vol  propanol,  20  vol  cyclohexane  sat.  with  H20 

1  vol  HoO,  1  vol  methanol,  15  vol  carbon  tetra¬ 
chloride  .  , 

2  vol  methyl  ethyl  ketone,  1  vol  ether  sat.  with 

HoO 

benzene  sat.  with  glycol 


time  for  equilibration  should,  of  course,  be  allowed.  The  only 
exception  is  the  glycol-benzene  system,  in  which  case  the  glyco 
replaces  the  H20  and  the  gel  is  prepared  by  grinding  the  diy  g 

with  an  equal  weight  of  glycol.  c  t.  ](y 

Chloroform  should  be  well  washed  before  use  as  the  1  /o 
ethanol,  frequently  added  by  manufacturers  as  a  stabiliser,  greatly 

alters  its  behaviour. 
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6.  Fractionation  of  DNP-protein  hydrolysate.- The  hydrolysate 
is  diluted  several  times  with  water  and  extracted  3  times  with 
ether,  the  ethereal  extracts  being  washed  3  times  with  small  quan 
ties  ol  H.O.  If  large  volumes  of  H.O  are  used  for  washing  the 
extract,  some  loss  of  DNP-serine  and  DNP-threonine  w.ll  occur. 
This  extract,  which  contains  all  the  acidic  DNP-amino  acids,  is 
then  taken  to  dryness  in  vacuo  and  fractionated  on  wet  silica 
columns  using  different  organic  solvents  as  shown  in  Figure  1. 

The  mixture  of  DNP-amino  acids  is  dissolved  in  1-2  ml  of  the 
desired  solvent  (wet  chloroform  in  the  first  instance)  and  run 
onto  the  prepared  column,  using  a  bent-tipped  pipet  to  avoid 
disturbing  the  gel  surface.  Quantitative  transfer  is  effected  by 
washings  of  the  same  volume  added  after  the  previous  extract  has 
sunk  into  the  gel.  With  certain  solvents  a  considerable  number  of 
washings  may  be  necessary,  though  taking  to  dryness  after  addi¬ 
tion  of  a  few  drops  of  12N  HC1  often  assists  subsequent  solution  of 
the  DNP  derivatives.  After  transfer  has  been  completed,  the  head 
space  of  the  tube  is  filled  with  solvent  and  an  indication  of  the 
DNP-amino  acids  present  can  be  obtained  by  measuring  the  R 
values.  Synthetic  DNP  derivatives  are  run  on  parallel  columns 
with  the  same  solvent  to  give  standard  R  values  ( R  value  is  the 
rate  of  the  front  of  the  band  relative  to  the  rate  of  the  surface  of 
the  solvent).  In  the  hydrolysate  of  a  DNP-protein,  it  is  usual  to 
find  a  yellow  band  moving  faster  than  any  known  DNP-amino 
acid  on  a  chloroform  column.  This  is  an  artefact  band  of  uncer¬ 
tain  origin  and  should  be  ignored.  Further  fractionation  accord¬ 
ing  to  the  scheme  in  Figure  1  should,  if  parallel  columns  of  syn¬ 
thetic  DNP-amino  acids  are  used,  enable  the  components  of  an 
unknown  mixture  to  be  identified.  To  test  the  conclusions,  the 
unknown  is  shown  to  be  separable  from  other  synthetic  DNP 
derivatives,  on  an  appropriate  column,  and  inseparable  from  the 
identical  derivative  with  any  solvent  system. 

It  is  most  important  in  this  work  of  fractionation  and  identifi¬ 
cation  that  only  sufficient  DNP  derivatives  are  put  on  the  column 
to  make  them  clearly  visible.  Greater  amounts  of  colour  increase 
their  R  values  and  sometimes  make  separation  impossible.  Frac¬ 
tionation  of  the  basic  DNP-amino  acids,  left  in  the  aqueous  residue 
after  extraction  with  ether,  follows  the  scheme  shown  in  Figure  2. 

In  addition  to  the  aitefact  band  moving  fast  on  a  chloroform 
column,  already  referred  to,  other  artefact  bands  may  appear. 
Thus  DNP-tyrosine  and  DNP-methionine  on  acid  hydrolysis  give 
rise  to  second  coloured  bands  stationary  on  a  chloroform  column 
and  DNP-tryptophane  to  a  brown  compound  which  is  not  soluble 
in  ether.  These  artefacts  are  small  relative  to  the  DNP-amino 
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Fig.  1. — Scheme  of  fractionation  of  ether-soluble  DNP-amino  acids. 
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acids  from  which  they  arise  and  can  be  recognised  by  further  frac¬ 
tionation.  The  possible  presence  of  small  amounts  of  DNP-pep- 
tides  must  also  be  considered,  if  uncharacterisable  bands  are  found, 
as  some  are  remarkably  stable  to  acid  hydrolysis.  During  work 
with  DNP  derivatives  it  is  important  that  they  be  protected  from 
direct  sunlight,  which  causes  discolouration  and  decomposition. 

7.  Estimation  of  DNP-amino  acids.- In  the  quantitative  assay 
of  the  end-group  of  proteins  it  is  desirable  to  use  rather  larger 
amounts  of  material  than  are  used  for  identification  because,  if 
only  small  quantities  are  used,  the  traces  of  DNP-amino  acids 
occasionally  adsorbed  onto  the  gel  become  a  significant  loss. 

The  acidic  DNP-amino  acids  are  collected  as  they  run  from 
the  column,  the  organic  solvent  is  removed  in  vacuo  and  they 
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Fig.  2. — Fractionation  of  water-soluble  DNP-amino  acids. 


are  dissolved  in  1%  NaHC03  solution  for  estimation  in  a  photo¬ 
electric  colorimeter  at  3500  A.  Calibration  with  standard  solutions 
is,  of  course,  necessary.  The  basic  DNP-amino  acids  are  treated 
similarly  but  are  dissolved  in  N  HC1  and  estimated  at  3900  A. 
Their  maximal  absorption  is  at  3500  A  as  with  the  other  deriva¬ 
tives,  but  contamination  with  colourless  0  DNP-tyrosine,  which 
also  absorbs  in  that  wavelength,  occurs. 

8.  Detei  ruination  of  amino  acid  sequence  of  terminal  peptides 
of  proteins.— Sanger  has  been  able  to  extend  this  technique  to 
sepai ation  and  identification  of  the  terminal  peptides  of  insulin 
(24)  and  horse  globin  (23).  It  has  also  been  used  in  an  attempt  to 
distinguish  chemically  between  an  antibody  and  the  inert  y-globu- 
hn  with  which  it  is  associated  (18,  19). 

Partial  hydrolysis  of  a  DNP-protein  leads  to  the  production  of  a 
number  of  coloured  DNP-peptides  where  the  DNP-amino  acids 
are  still  bound  to  varying  numbers  of  neighbouring  amino  acids 
Though  more  numerous  than  the  DNP-amino  acids,  a  similar 
procedure  enables  them  to  be  fractionated.  On  complete  hvdroly- 
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sis  the  terminal  DNP-amino  acid  of  the  DNP-peptide  can  be  iden¬ 
tified  as  described  and  the  constituent  amino  acids  identified  by 
partition  chromatography  on  paper  (3).  So  far  the  method  seems 
to  be  capable  of  handling  up  to  hexapeptides  and,  if  all  the  lower 
ones  are  identified,  the  sequence  of  the  terminal  amino  acids  in 
the  polypeptide  chain  can  be  established.  N5  DNP-lysyl  peptides 
will  also  be  obtained,  but  unless  the  lysine  content  of  the  protein, 
as  in  insulin,  is  low,  the  complexity  will  probably  be  such  that 
interpretation  will  be  difficult. 

a)  partial  hydrolysis.— T  he  best  conditions  of  hydrolysis  to 
produce  a  series  of  DNP-peptides  of  increasing  size  can  only  be 
found  by  trial  with  the  particular  protein  or  peptide  to  be  investi¬ 
gated,  as  the  stabilities  of  the  infinite  number  of  possible  amino 
acid  sequences  vary  considerably.  As  enzymic  hydrolysis  may  be 
accompanied  by  synthesis  (2)  it  has  been  avoided  and  varying 
strengths  of  HC1  at  different  temperatures  and  for  different  times 
have  been  used.  Synthesis  of  a  peptide  bond  may  perhaps  be 
catalysed  by  acid,  but  it  has  never  been  demonstrated,  and  very 
abnormal  conditions  would  lie  necessary  for  it  to  occur  in  signifi¬ 
cant  quantities. 


b)  fractionation.— The  partial  hydrolysate  is  diluted  if  neces¬ 
sary  and  treated  as  follows.  (1)  The  hydrolysate  is  extracted  3  times 
with  ethyl  acetate.  (2)  The  ethyl  acetate  extracts  are  combined 
and  extracted  in  countercurrent  manner  3  times  with  1 % 
NaHC03  solution.  (3)  The  combined  NaHC03  solution  extracts 
are  acidified  with  HC1  and  are  extracted  as  above  with  ethyl  ace¬ 
tate.  This  final  extract  should  contain  all  the  acidic  DNP-peptides 
and  very  few  nonacidic  DNP-peptides.  Some  N5  DNP-lysyl  pep¬ 
tides  do,  however,  persist  in  this  fractionation  and,  though  none 
have  been  met,  it  seems  probable  that  terminal  peptides  contain- 
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with  DNP-peptides  than  DNP-ammo  acids  and  varies  with 
batches  of  gel  used.  The  running  of  the  coloured  bands  on  differ¬ 
ent  columns  to  establish  homogeneity  is  particularly  necessai) 
when  pronounced  tailing  occurs.  In  the  partial  hydrolysis  prod¬ 
ucts  of  both  DNP-insulin  and  DNP-rabbit  y-globulm,  small 
amounts  of  colour,  which  are  stationary  on  a  chloroform  column 
but  which  move  on  a  CB1  column  to  split  into  a  number  of  trac¬ 
tions,  have  occasionally  been  observed.  They  contain  a  complex 
mixture  of  amino  acids  which  may  arise  from  esterification  occur¬ 
ring  during  the  procedure.  Other  anomalous  behaviour,  such  as 
the  splitting  on  a  column  of  a  homogeneous  component  to  give 
identical  fractions  which  subsequently  behave  similarly,  rarely 
occurs  with  DNP-amino  acids  but  has  at  times  been  observed 


during  wTork  with  DNP-peptides. 

This  fractionation  procedure  may  have  to  be  adapted  consid¬ 
erably  to  meet  the  requirements  of  the  very  great  variety  of 
peptide  mixtures  which  can  occur,  but  it  has  proved  successful 
in  the  limited  applications  so  far  made. 

Estimation  of  the  DNP-peptides  is  carried  out  as  for  the  DNP- 
amino  acids;  the  absorption  is  again  read  at  3500  A,  where  it  is 
uninfluenced  by  adjacent  amino  acids  in  peptide  linkage. 

9.  Identification  of  DNP-peptides— The  DNP-peptides  are  col¬ 
lected  as  they  run  from  the  column,  the  solvent  removed  and  the 
residue  dissolved  in  5-6  drops  of  5.7N  HC1  by  warming  over  a 
microburner.  The  solution  is  sucked  into  a  capillary  tube  which 
is  sealed  and  kept  at  105°  for  24  hr.  The  hydrolysate  is  dropped 
into  a  small  tube  for  extraction  with  ether  and  the  DNP-amino 
acid  in  the  ethereal  fraction  identified  as  previously  described. 
The  aqueous  residue  is  transferred  by  the  capillary  tube  to  a 
polythene  strip  and  taken  to  dryness  in  a  desiccator  to  remove 
excess  HC1.  A  drop  of  water  is  added  to  dissolve  the  amino  acids 
and  the  drop  “printed”  onto  a  filter  paper  sheet  so  that  they 
may  be  identified  by  partition  chromatography.  This  method  is 
based  on  that  described  by  Consden,  Gordon  and  Martin  (4) 
for  the  identification  of  peptides. 

In  any  partial  hydrolysate  a  mixture  of  terminal  peptides  will 
result,  and  should  the  original  material  have  only  1  polypeptide 
chain  with,  consequently,  1  terminal  amino  acid,  as  in  rabbit 
y-globulin,  the  coloured  derivatives  obtained  under  appropriate 
hydrolytic  conditions  will  be  constituted  as  follows:  (1)  DNP  A, 
(2)  DNP  A  +  B,  (3)  DNP  A  +  B  +  C,  (4)  DNP  A  +  B  +  C  +  D . 
where  A,  B,  C  and  D  correspond  to  different  amino  acids.  If  it  is 
possible  to  account  for  the  total  amount  of  DNP  A  known  to  be 
originally  present  in  terms  of  these  peptides  and  to  show  that,  say. 


208 


STUDY  OF  PEPTIDE  STRUCTURE 


peptide  4  will,  on  further  partial  hydrolysis,  give  only  peptides 
3  +  2  and  DNP  A,  it  is  reasonable  to  conclude  that  the  terminal 
sequence  of  amino  acids  in  the  chain  is  ABCD. 

If  a  very  small  number  of  lysine  residues  is  present  in  the 
original  molecule  it  is  possible  to  identify  the  adjacent  amino 
acids  in  an  analogous  manner.  Should  the  protein  have  a  high 
lysine  content,  the  complexity  of  the  peptides  found  would  make 
interpretation  in  terms  of  sequence  impossible.  The  identification, 
as  described,  of  only  1  terminal  tetrapeptide  in  a  polypeptide  chain 
is  strong  evidence  for  the  homogeneity  of  the  chain,  for  in  a 
molecule  containing  20  different  amino  acids  204  different  termi¬ 
nal  tetrapeptides  could  occur.  It  is  not,  however,  good  evidence 
for  the  homogeneity  of  the  original  material,  as  5%  of  an  impur¬ 
ity  of  similar  chain  length  might  remain  undetected  and  corre¬ 
spondingly  greater  quantities  of  material  with  longer  chain 
lengths  could  be  missed.  In  the  extreme  case  of  a  cyclic  polypeptide 
impurity,  its  presence  could  only  be  inferred  from  a  failure  of 
the  number  of  open  polypeptide  chains  to  agree  with  the  accepted 
molecular  weight. 

10.  Estimation  of  reactivity  of  amino  and  imidazole  residues 
of  proteins— The  reactivity  of  the  sulfydryl,  disulfide  and  pheno¬ 
lic  groups  of  some  proteins  increases  on  denaturation  (1),  and  it 
is  possible  that  other  groups  would  be  found  to  behave  similarly 
if  a  suitable  method  of  detecting  the  change  were  available.  Con¬ 
versely,  the  detection  of  groups  blocked  by  protein  combination 
with  other  protein  or  nonprotein  substances  should  be  possible 
by  similar  methods.  The  essential  criteria  for  such  a  procedure 
are  that  in  the  crucial  stage  the  conditions  be  sufficiently  mild  so 
as  not  to  bring  about  denaturation,  split  the  complex  or  signifi¬ 
cantly  alter  the  state  in  which  it  is  desired  to  examine  the  protein. 
Rather  surprisingly,  this  method,  in  which  the  crucial  stage  is 
the  condensation  of  FDNB  on  the  protein,  conforms  with  these 
criteria.  The  reaction,  as  has  been  described,  is  carried  out  in 
66%  ethanol  at  room  temperature,  conditions  in  which  it  would 
be  expected  that  most  proteins  would  be  denatured.  Examina¬ 
tion  of  the  reaction  with  crystalline  lactoglobulin  showed,  how¬ 
ever,  that  while  denaturation  occurred  readily  in  ethanol,  in  the 
presence  of  FDNB  the  condensation  was  so  rapid  that  it  preceded 
denaturation  and  in  some  way  prevented  its  occurring  subse¬ 
quently.  In  later  work  the  reaction  with  native  haemoglobin  was 
carried  out  at  -3°  for  6  days  but  gave  essentially  the  same  result 
as  when  carried  out  at  room  temperature  in  the  normal  manner. 
\t  -3°  few  proteins  would  be  denatured  by  66%  ethanol  and  it 
seems  probable  that  when  a  protein  reacts  with  FDNB  under  the 
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usual  conditions  it  does  so  without  any  prior  alteration  in  struc¬ 
ture.  This  technique  has  been  used  to  examine  the  reactivity  of 
the  amino  and  imidazole  groups  in  native  and  denatured  proteins 
and  to  test  for  their  blocking  in  the  heat  precipitation  of  insulin, 
in  the  condensation  of  haem  with  globin  and  in  the  specific  pre¬ 
cipitate  produced  by  antibody  antigen  combination. 

a)  amino  groups  (16).— The  technique  in  such  experiments  is 
the  same  as  before  except  that  the  conditions  of  the  reaction  of 
FDNB  with  the  protein  may  have  to  be  varied  somewhat.  Insolu¬ 
ble  proteins,  if  finely  suspended,  react  completely.  The  NaHC03 
concentration  may  be  lowered  or  other  buffers  used  as  long  as 
the  final  pH  does  not  fall  below  8.5,  and  the  protein  concentration 
may  be  lowered  very  considerably  if  the  concentration  of  FDNB 
is  maintained  at  10%. 

If  the  reaction  is  carried  out  at  —3°,  the  FDNB  is  partially 
thrown  out  of  solution  and  vigorous  stirring  or  shaking  is  neces¬ 
sary.  In  6  days  the  condensation  with  haemoglobin  was  95% 
complete. 

The  presence  of  6M  guanidine  does  not  influence  the  reaction, 
the  guanidine  being  recoverable  unchanged  if  the  pH  does  not 
rise  above  8.5.  As  DNP-proteins  are  usually  soluble  in  such  a 
mixture,  it  is  necessary  to  dialyse  away  the  guanidine  before 
precipitating  and  washing  as  previously  described. 

b)  imidazole  groups  (17).— In  estimating  the  reactivity  of  these 
groups  the  imidazole  DNP-histidine  cannot  be  easily  fractionated 
as  it  is  colourless;  the  alternative  method  of  estimating  the  un¬ 
changed  histidine  in  a  DNP-protein  hydrolysate  has  therefore 
been  adopted.  With  most  proteins,  FDNB  condenses  quantita¬ 
tively  onto  the  imidazole  ring  of  histidine  residues  and  on  acid 
hydrolysis  the  compound  is  stable  or  at  least  does  not  give  rise  to 
histidine  on  decomposition.  Under  certain  conditions  in  some 
proteins  such  as  native  lactoglobulin  and  heat-precipitated  insulin 
a  considerable  proportion  of  the  histidine  residues  do  not  react 
and  may  be  estimated  manometrically,  after  hydrolysis,  using  the 
specific  decarboxylase  (8). 

The  procedure  follows.  (1)  The  protein  is  allowed  to  react  with 
FDNB  under  the  desired  conditions.  (2)  The  air-dried  DNP- 
protein  is  hydrolysed  for  24  hr  in  boiling  5.7N  HC1.  (3)  The 
hydrolysate  is  taken  to  dryness  several  times  to  remove  excess  HC1 
and  is  brought  to  pH  4.5  with  N  NaOH.  (4)  This  solution  is  made 
to  'he  desired  volume  with  acetate  buffer,  pH  4.5,  and  aliquots 
re  taken  for  manometric  estimation.  Colorimetric  estimations 
are  unsu, table  owing  to  the  bright  yellow  colour  of  the  hydroly- 
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sate.  In  any  case,  it  has  been  established  that  the  products  of 
hydrolysis  of  a  DNP-protein  do  not  inhibit  the  decarboxylase. 

Hence  the  number  of  histidine  residues  in  the  original  protein 
which  failed  to  react  with  FDNB  may  be  calculated,  the  amount 
of  the  original  protein  in  the  air-dried  DNP-protein  being  esti¬ 
mated  as  before. 


ASSESSMENT  OF  METHOD  FOR  END  GROUP  ASSAY 

From  the  preceding  description  it  is  clear  that  the  method 
cannot  be  used  readily  for  the  solution  of  a  single  problem.  The 
preliminary  preparative  work  which  is  required,  together  with 
the  rather  difficult  technique  of  partition  chromatography  on 
silica  gel,  would  probably  require  several  months’  work  for  a 
satisfactory  result  to  be  obtained.  Subsequently,  however,  the 
time  and  material  required  to  find,  say,  the  end-groups  of  a  pro¬ 
tein,  are  not  great. 

The  accuracy  of  the  method  is  limited  by  the  corrections  for  the 
breakdown  of  DNP-amino  acids  during  hydrolysis.  If  the  break¬ 
down  is  measured  as  nearly  as  possible  under  the  identical  condi¬ 
tions  which  hold  during  the  hydrolysis  of  the  particular  DNP- 
protein  and  if  it  can  be  reduced  to,  say,  20-25%  of  the  total  value, 
it  is  probable  that  an  error  of  less  than  10%  can  be  claimed.  In 
estimating  the  number  of  end-groups/molecule  this  is  quite  satis¬ 
factory.  Fortunately  the  N5  DNP-lysine  is  comparatively  stable, 
giving  only  10%  loss  in  16  hr  of  hydrolysis  in  boiling  5.7N  HC1, 
so  that  these  figures  are  probably  accurate  to  5%. 

When  interpreting  the  results  in  terms  of  protein  structure  the 
value  of  this  or  any  method  of  end-group  assay  would  be  great  y 
enhanced  by  the  simultaneous  estimation  of  the  amino  acids 
carrying  a  free  carboxyl  group.  It  is  only  in  conjunction  with  such 
a  complementary  method  that  the  potential  contribution  ot  the 
FDNB  technique  to  the  solving  of  such  problems  as  the  presence 
of  branched  chains  and  cyclic  structures  or  the  identification  o 
the  types  of  intra-  and  intermolecular  linkages  can  be  exploited 

to  the  full.  .  ,  . 

Note.— A.  C.  Chibnall  and  F.  Sanger  reviewed  this  section. 
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Synthesis  of  Peptides 

CHARLES  A.  DEKKER  and  JOSEPH  S.  FRUTON,  Yale  University 


The  ultimate  and  most  convincing  evidence  in  the  elucidation 
of  the  structure  of  an  unknown  organic  compound  is  the  synthesis 
of  that  compound  by  a  series  of  unequivocal  reactions  and  the 
demonstration  of  the  identity  of  the  properties  of  the  synthetic 
product  with  those  of  the  unknown.  In  the  case  of  peptides,  the 
synthetic  approach  has  been  decisive  in  the  proof  of  the  structure 
of  the  naturally  occurring  compounds  glutathione  (15,  26)  and 
carnosine  (22),  as  well  as  of  some  simple  products  of  the  degrada¬ 
tion  of  proteins  (10,  24).  In  addition  to  their  value  in  the  estab¬ 
lishment  of  peptide  structure,  the  methods  of  peptide  synthesis 
have  made  available  simple  substrates  of  known  structure  for 
several  of  the  protein-splitting  enzymes  and  have  thus  provided 
tools  for  study  of  the  specificity  of  these  enzymes  (2).  Also,  synthetic 
peptides  and  peptide  derivatives  have  been  useful  as  simple  models 
for  the  study  of  various  chemical  reactions  of  proteins  (16).  In 
view  of  the  growing  interest  in  peptides  as  intermediates  in  protein 
metabolism  (14),  as  antibiotics  (17),  and  as  degradation  products 
of  proteins  (25),  the  available  methods  of  peptide  synthesis  are 
being  widely  applied.  It  is  desirable,  therefore,  to  outline  briefly 
the  general  methods  for  the  preparation  of  peptides  and  to  indi¬ 
cate  the  applicability  and  limitations  of  these  methods. 

Among  the  available  methods  for  the  synthesis  of  peptides,  the 
“carbobenzoxy”  method  of  Bergmann  and  Zervas  (5)  has  assumed 
the  leading  place,  and  for  this  reason  most  of  the  discussion  in 
this  section  will  deal  with  the  details  of  this  method. 


THE  CARBOBENZOXY  METHOD 

This  method  involves  the  condensation  of  benzylchlorocarbo- 
nate  (carbobenzoxychloride)  (I  below)  with  the  desired  amino 
acid  (II)  or  amino  acid  ester  (IV)  to  give  a  carbobenzoxy  amino 
acid  (III)  or  the  corresponding  ester  (V).  The  carbobenzoxy 
amino  acid  (III)  may  be  prepared  for  coupling  with  another  amino 
acid  by  converting  III  to  the  acid  chloride  (V1)-  Alternauyeiy, 
the  ester  (V)  may  be  converted  to  the  hydrazide  (\  II)  and  en 
the  azide  (VIII).  The  chloride  or  azide  may  then  be  used  for  the 
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condensation  reaction  with  the  ester  of  another  amino  acid  or 
peptide  to  give  the  coupling  product  (IX).  Saponification  of  IX 
yields  the  carbobenzoxy  peptide  (X)  from  which  the  free  peptide 
(XI)  may  be  obtained  by  catalytic  reduction. 

R  ^ 

1  C8H„CH2OCOCl  +  H2NCHCOOH - >  CaHBCH2OCONHCHCOOH  +  HC1 

(I)  (H)  (ni> 

R 


R  p 

,H,CH2OCONHCHCOOH  +  PC15— >C6H,CH2OCONHCHCOCl  +  POCl3 

(VI) 

+  HC1 


2.  C 


R 


3.  C6H,CH2OCOCl  +  H2NCHCOOC2H5 - »  ^ 

(IV)  CaH,CH2OCONHCHCOOC2H-,  +  HC1 

(V) 


R 


4.  CaHRCH2OCONHCHCOOC2H5  +  NHjNH 


R 


^  NaN02 

5.  QH.CHoOCONHCHCONHNH^ 


C6H-1CHoOCONHCHCO\HNH2 
(VII)  +  C2HsOH 

R 

*  CaHRCH2OCONHCHCON3 

H+  (VIII) 


R  R’ 

6.  CaH,CH2OCONHCHCOCl  +  2H2NCHCOOC2H, - > 

R  R' 

CaH,CH„OCONHCHCONHCHCOOC,H- 

(IX) 

+  R' 

+  Cl-  H3NCHCOOC,H5  I 

R  R' 

7.  C„H-,CH2OCONHCHCON3  +  H2NCHCOOC2H5 _ » 

R  R' 


R 


8.  CaH5CH2OCOXHCHCONHCHCOOC2Hs 


CaH.,CH2OCONHCHCONHCHCOOC2H5  +  HX.i 
?•  NaOH  H  + 


R 


R' 


R  R' 

CaH,CH2OCONHCHCONHCHCOOH 

(X) 


9.  c8hrch2oconhchconhc:hcooh 


h2 


R 


R' 


h2nchconhchcooh 

Pd  black  (XI) 

+  CaHBCH3  +  CO„  | 

1.  Substitution  of  the  amino  group.- The  most  satisfactory  sub- 

?“h  P'°Vad,  t0  be, the  carbob««oxy  group,  which  can 
hen  y  a  mOVed  by  catalyUc  liydrogenolysis.  Crystalline  carbo- 
e  tzoxy  derivatives  have  been  obtained  from  nearly  all  the  known 
protein  ammo  acids  except  L-leucine,  L-isoleucine;  L-proline  and 
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hydroxy-L-proline.  The  carbobenzoxy  derivatives  of  these  4  amino 
acids  have  not  been  crystallized,  but  the  syrupy  derivatives  may 
also  be  used  in  the  synthesis  of  peptides.  An  important  advantage 
of  the  carbobenzoxy  method  is  that  in  the  reaction  with  carbobenz 
oxychloride,  amino  acids  are  not  racemized  appreciably,  in  con 
trast  to  the  reaction  with  other  acylating  agents  such  as  benzoyl 
chloride. 


Preparation  of  carbobenzoxy  chloride  (5). — One  1  of  toluene  is  placed 
in  a  2  1  suction  flask,  and  phosgene  gas  is  passed  in  until  a  20%(w/v)  solu¬ 
tion  is  obtained.  (W ork  in  a  well  ventilated  hood!)  A  trap  should  be  placed 
between  the  phosgene  tank  and  the  absorption  flask,  and  any  gas  not 
absorbed  by  the  toluene  should  be  trapped  in  a  NaOH  solution  using  as 
an  outlet  an  inverted  funnel  slightly  submerged  in  the  alkali.  The  toluene 
flask  may  be  weighed  without  being  detached  from  the  system  if  it  is 
placed  on  a  balance  before  the  phosgene  is  admitted.  When  the  20%  solu¬ 
tion  is  obtained,  the  absorption  flask  is  disconnected  and  cooled  in  an 
ice  bath  for  several  minutes.  Pure  benzyl  alcohol  (160  ml)  is  then  added 
carefully  and  the  reaction  allowed  to  proceed  for  30  min  at  0°  with  occa¬ 
sional  swirling  of  the  flask.  ( Caution :  If  the  solution  is  not  cool,  or  if  the 
benzyl  alcohol  is  added  too  rapidly,  the  reaction  is  very  vigorous.  Addition 
of  a  few  boiling  chips  before  introduction  of  the  benzyl  alcohol  is  desirable.) 
After  2  hr  at  room  temperature  the  unreacted  phosgene  is  removed  by- 
bubbling  dry  C02  through  the  solution  at  a  rapid  rate.  This  requires  about 
2  hr.  The  reaction  mixture  is  then  transferred  to  a  2  1  Claisen  flask  (in 
hood!),  and  the  toluene  is  removed  by  distillation  in  vacuo.  (Temperature 
of  the  bath  is  not  allowed  to  rise  above  50°. )  After  about  90  min  most  of 
the  toluene  has  been  removed,  and  the  temperature  of  the  water  bath  is 
elevated  to  60°  to  drive  off  the  last  traces  of  toluene.  When  it  is  apparent 
that  no  more  toluene  is  distilling  over,  the  carbobenzoxychloride  remaining 
in  the  distilling  flask  is  poured  into  a  glass-stoppered  bottle  and  stored  in  a 

cold,  dry  place.  Yield  is  about  250  g. 

Preparation  of  carbobenzoxyglycine  (5). — Glycine  (7.5  g)  is  dissolved  in 
25  ml  of  4N  NaOH  in  a  200  ml  Florence  flask  and  the  solution  cooled  in  an 
ice  bath.  It  is  treated  over  a  period  of  20  min  with  17  g  of  carbobenzoxy¬ 
chloride  and  25  ml  of  4N  NaOH,  added  alternately  in  5  portions  with 
vigorous  shaking.  On  acidification  with  concentrated  HC1  the  product 
crystallizes  as  long  prisms.  After  recrystallization  from  chloroform,  the  su  In¬ 
stance  melts  at  120°.  Yield  is  15  g.  .  ,  ,  f 

For  preparation  of  carbobenzoxyamino  acid  azides  (ct.  equa¬ 
tions  $,  4  and  5),  it  is  necessary  to  prepare  the  carbobenzoxy 
derivative  of  the  amino  acid  ester.  In  this  case  the  ester  hydro¬ 
chloride  of  the  desired  amino  acid  is  convei  ted  to  the  free  es 
which  is  then  coupled  with  carbobenzoxychloride.  Specific  exam- 

P'7r!^Zn  of  L***g%$*  o?;;^"ZTT250gm! 
ClSsenZlTa'ndT^HCl  gas  passed  in  until  a  clear  solution  is  obtained. 
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The  methanol  and  excess  HC1  are  then  removed  under  reduced  pressure, 
precautions  being  taken  to  maintain  anhydrous  conditions  in  the  distilling 
flask.  The  residue  is  redissolved  in  100  ml  of  methanol  and  HC1  is  again 
passed  in  for  1  hr.  The  solution  is  then  taken  to  dryness  as  before,  and 
excess  HC1  is  removed  by  repeated  addition  and  distillation  of  small  por¬ 
tions  of  methanol.  The  crystalline  material  is  dried  over  CaCl2  and  solid 
KOH.  It  is  recrystallized  from  ethanol-ether.  Yield  is  13  g,  mp  151°. 

Preparation  of  carbobenzoxy-L-methionine  methyl  ester  (8). — Ten  g  of 
L-methionine  methyl  ester  hydrochloride  is  suspended  in  150  ml  of  cold 
ethyl  acetate  in  a  500  ml  Florence  flask  and  converted  to  the  free  ester 
by  the  addition  (with  shaking)  of  150  ml  of  saturated  KHCOg  solution. 
The  mixture  is  further  cooled  in  an  ice  bath,  and  12  g  of  carbobenzoxy- 
chloride  is  added  in  5  portions,  shaking  vigorously  after  each  addition  until 
C02  evolution  has  ceased.  The  excess  carbobenzoxychloride  is  destroyed  by 
addition  of  a  few  drops  of  pyridine.  The  layers  are  now  separated  by  means 
of  a  separatory  funnel,  and  the  ethyl  acetate  layer  is  washed  successively 
with  water  (twice),  N  HC1,  and  water  (twice)  and  dried  over  exsiccated 
sodium  sulfate.  The  ethyl  acetate  is  removed  in  vacuo,  the  residue  dissolved 
in  a  few  ml  of  acetone  and  the  solvent  again  removed  under  reduced  pres¬ 
sure.  The  product  is  usually  an  oil  and  should  be  dried  in  vacuo  over  con¬ 
centrated  H2S04  before  being  used  for  preparation  of  the  carbobenzoxy- 
L-methionine  hydrazide.  Yield  is  about  12  g. 

2.  Substitution  of  the  carboxyl  group  of  the  acyl  amino  acid.— 
For  conversion  of  the  carbobenzoxyamino  acid  into  a  compound 
which  will  react  with  the  amino  group  of  an  amino  acid  (or  amino 
acid  ester)  or  peptide  (or  peptide  ester),  2  procedures  have  been 
widely  used:  the  Fischer  acid  chloride  method  (using  PC15  or 
thionyl  chloride),  and  the  Curtius  azide  method.  The  choice  of 
method  depends  on  the  nature  of  the  carbobenzoxy  amino  acid 
to  be  used.  Treatment  with  PC15  is  not  feasible  if  the  amino  acid 
contains  reactive  groups  in  the  side  chain  (e.g.,  carbobenzoxy- 
serine).  1 


A  disadvantage  of  the  use  of  the  carbobenzoxyamino  acid  chlo- 
rides  is  their  tendency  to  lose  benzyl  chloride  with  the  formation 
of  N-carbonic  acid  anhydrides  (5).  This  may  be  minimized  by 
working  rapidly  under  anhydrous  conditions  and  at  low  tem¬ 
peratures.  Also,  the  acid  chloride  method  is  not  suitable  for  the 
engthening  of  the  chain  of  a  carbobenzoxy  peptide,  since  PCI. 
reacts  with  the  peptide  bonds. 

The  alternative  method,  involving  the  use  of  the  azides,  is  of 
more  general  applicability.  The  azide  is  prepared  via  the  carbo¬ 
benzoxyamino  acid  ester  and  hydrazide  (cf.  equations  4  and  5) 
An  unwelcome  side  reaction  in  the  case  of  the  azides  is  the  occa- 

Ce °f  rearrangement  to  form  isocyanates 

(  )  ch,  in  the  coupling  reaction,  may  give  urethanes  or  ureides. 
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Acid  chloride  method. — Preparation  of  Carbobenzoxyglycylchloride  (5). 
Six  and  three-tenths  g  of  finely  ground  carbobenzoxyglycine  is  suspended 
in  35  ml  of  anhydrous  ether  in  a  125  ml  Florence  flask  equipped  with  cork 
stopper  and  the  flask  cooled  in  an  ice-salt  bath.  To  this,  6.7  g  of  finely 
ground  PC15  is  quickly  added  and  the  flask  stoppered  and  shaken  for  20 
min  in  the  bath,  at  which  time  almost  all  of  the  solids  are  in  solution.  The 
suspension  is  rapidly  filtered  through  sintered  glass  directly  into  the  dis¬ 
tilling  flask  of  a  previously  assembled  still  (equipped  with  drying  tubes  to 
exclude  moisture),  and  the  ether  is  removed  under  reduced  pressure  below 
10°.  The  oily  residue  is  thoroughly  shaken  with  two  20  ml  portions  of  cold 
anhydrous  petroleum  ether  previously  dried  over  P205,  decanting  the  petro¬ 
leum  ether  after  each  washing.  A  3d  portion  of  petroleum  ether  is  then 
added,  the  flask  cooled  in  dry  ice-cellosolve  and  crystallization  induced  by 
scratching  the  sides  of  the  flask.  The  crystals  are  transferred  to  a  dry  filter 
with  a  porcelain  spatula  and  rapidly  sucked  dry.  The  product  should  be 
used  immediately  for  coupling.  Yield  is  5.3  g. 


Acyl  azide  method.— a)  Preparation  of  carbobenzoxy-L-methionine 
hvdrazide  (8).  Twelve  g  of  syrupy  carbobenzoxy-L-methionine  methyl  ester 
is  dissolved  in  100  ml  of  absolute  ethanol  and  3.5  ml  of  100%  hydrazine 
hydrate  is  added.  The  flask  is  loosely  stoppered  and  allowed  to  stand  at 
room  temperature  for  2-3  days.  The  solution  is  concentrated  to  dryness  in 
vacuo,  and  the  solid  residue  is  recrystallized  from  hot  ethyl  acetate.  Yield 

is  about  10  g,  mp  110-112°. 

h)  PreDaration  of  carbobenzoxy-L-methionine  azide  (8).  Five  g  of  carbo- 


' Preparation  of  carbobenzoxy-L-glutamic  acid  an 
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of  finely  ground  carbobenzoxy-L-glutamic  acid  is  suspended  in  20  ml  of 
acetic  anhydride  in  a  100  ml  round-bottom  flask  equipped  with  reflux  con¬ 
denser.  After  heating  in  an  oil  bath  at  100°  for  5  min  with  frequent  swirl¬ 
ing,  the  resulting  solution  is  evaporated  under  reduced  pressure  to  a  syrup. 
(This  requires  about  30  min  at  a  bath  temperature  of  65-70°  and  pressure 
of  25  mm.)  The  syrup  is  taken  up  in  10  ml  of  dry  chloroform,  and  crystal¬ 
lization  is  induced  by  cooling  to  — 10°  in  an  ice-salt  bath  and  scratching 
the  sides  of  the  flask.  The  anhydride  is  collected  on  a  dry  filter,  washed  with 
a  few  ml  of  a  1:2  chloroform-petroleum  ether  mixture  and  immediately 
transferred  to  a  desiccator.  It  is  dried  in  vacuo  over  P205,  solid  KOH  and 
paraffin  for  12  hr. 

3.  Condensation  reaction  —  In  the  synthesis  of  peptides  by  the 
carbobenzoxy  method,  the  carbobenzoxy  acid  chloride  or  azide  is 
preferably  allowed  to  react  in  an  organic  solvent  (e.g.,  ethyl  acetate 
or  ether)  with  the  appropriate  amino  acid  or  peptide  ester  (cf. 
equations  6  and  7).  The  free  esters  of  amino  acids  or  peptides  may 
be  prepared  from  the  corresponding  hydrochlorides  by  either  of 
2  methods  devised  by  Fischer.  The  1st  involves  neutralization  of 
the  amino  acid  ester  hydrochloride  with  concentrated  alkali  in 
the  presence  of  solid  K2C03  and  immediate  extraction  of  the  free 
base  with  ether  or  ethyl  acetate  (9).  In  the  case  of  peptide  ester 
hydrochlorides,  the  concentrated  alkali  is  usually  omitted,  and 
only  carbonate  (or  bicarbonate)  is  used.  The  2d  method,  which 
is  preferable  when  the  amino  acid  has  an  appreciable  solubility 
in  water  (e.g.,  histidine  methyl  ester),  entails  neutralization  of  an 
alcoholic  solution  of  the  hydrochloride  with  the  calculated 
amount  of  sodium  methylate  (12). 

Since,  in  the  coupling  reaction  of  an  acid  chloride  with  a  base, 

1  molar  equivalent  of  hydrogen  chloride  is  formed,  2  molar  equiv¬ 
alents  of  base  are  needed  for  complete  utilization  of  a  carbobenz- 
oxyamino  acid  chloride.  When,  however,  the  ester  of  a  peptide 
oi  of  a  costly  amino  acid  is  used  in  the  coupling  reaction,  the 
2d  molar  equivalent  of  base  may  be  provided  by  shaking  the 
reaction  mixture  with  an  aqueous  solution  of  K2C03.  In  the  case 
of  amino  acid  esters  which  are  not  too  expensive  (i.e.,  those  of 
glycine,  glutamic  acid,  tyrosine),  the  use  of  2  molar  equivalents  of 
ester  is  to  be  recommended,  since  this  obviates  the  possibility  of 
the  concomitant  hydrolysis  of  the  acid  chloride  by  the  aqueous 
bicarbonate.  Furthermore,  the  ester  hydrochloride  formed  during 
future  Me"8  usually  crystallizes  out  and  may  be  recovered  for 

Although  the  Schotten-Baumann  reaction  of  the  carbobenzoxv- 
ammo  acid  chlorides  or  azides  with  the  sodium  salts  of  amino  acids 
or  peptides  ,s  occasionally  successful,  i„  many  case,  i"  yle  d 
products  which  are  difficult  to  purify  owing  to  hydrolysis  of  appre- 
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ciable  quantities  of  the  chloride  (or  azide)  to  the  corresponding 
carbobenzoxy  amino  acid.  The  separation  of  such  by-products 
from  the  carbobenzoxy  peptides  formed  during  the  coupling  re¬ 
action  is  frequently  a  laborious  operation  and  markedly  reduces 
the  yield  of  the  desired  material. 

When  coupling  amino  acid  or  peptide  esters  with  the  azides 
of  carbobenzoxy  peptides,  only  1  molar  equivalent  of  ester  is 
required,  since  the  hydrazoic  acid  liberated  during  the  reaction 
passes  off  as  a  gas  (cf.  equation  7).  In  contrast  to  the  reaction 
between  acid  chlorides  and  amino  acid  esters,  which  proceeds 
quite  rapidly  (15-60  min  is  usually  sufficient  to  insure  complete 
reaction),  the  azides  react  with  amino  acid  esters  much  more 
slowly.  For  this  reason  it  is  customary  to  allow  the  mixture  to 
stand  overnight  at  room  temperature. 

The  carbobenzoxy  peptide  esters  are  usually  crystalline  ma¬ 
terials  which  may  readily  be  recrystallized  from  organic  solvents. 
It  is  of  especial  importance  to  use  pure  samples  of  these  substances 
for  the  subsequent  steps  in  the  carbobenzoxy  method,  since  the 
carbobenzoxy  peptides  and  free  peptides  are  more  difficult  to 
purify. 

Examples  of  the  2  types  of  coupling  reactions  follow. 

Preparation  of  carbobenzoxyglycyl-L-tyrosine  ethyl  ester .  (1).— Two  and 
a  half  g  of  freshly  prepared  carbobenzoxyglycylchloride  is  dissolved  in  25  ml 
of  anhydrous  ether  and  rapidly  filtered  into  an  ethyl  acetate  solution  of 
L-tyrosine  ethyl  ester  (prepared  from  8  g  of  the  hydrochloride).  After  t  e 
reaction  mixture  has  stood  for  2  hr  at  room  temperature,  the  L-tyrosine 
ethyl  ester  hydrochloride  is  filtered  off  and  the  filtrate  transferred  to  a 
separatory  funnel.  It  is  washed  successively  with  N  HC1  (t™ce)>  HA  N 
KHCOo  solution  (twice)  and  H20  (twice)  and  dried  over  Na2S04  After 
removal  of  the  Na2S04  by  filtration,  the  solution  is  evaporated  to  dryness 
under  reduced  pressure.  The  product  is  recrystalhzed  from  ethyl  acetate. 
Yield  is  2.3  g,  mp  118°. 

Preparation  of  carbobemoxy-L-methionylglycylglycme  ethyl  ester  (8). 
Six  /of  carbobcnzoxy-L-methioninc  hydrazidc  is  converted  to  the _az.de, 
and  the  ice-cold  ethe)  solution  of  the  azide  is  added  to  an ,  tce-cold l  rfg 
acetate  solution  of  glycylglycine  ethyl  ester  (prepared  from  10  g  of  th 
hydrochloride).  The  mixture  is  brought  to  room  temperature  gradua  y  an 
allowed  to  stand  for  16  hr.  Some  of  the  coupling  product  crystallizes  out 
solution,  and  this  is  collected  on  a  filter,  washed  with  a  small  amounU 
ether  and  dried.  The  remaining  filtrate  is  successively  washed  wiffi  N  HC 
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be  converted  to  the  carbobenzoxy  peptide  by  saponification  in  an 
acetone-H20  (or  alcohol-H20)  solution  with  slightly  more  than  1 
molar  equivalent  of  normal  alkali.  The  product  is  then  isolated 
by  acidification  of  the  solution  and  removal  of  the  more  volatile 
solvent  under  reduced  pressure.  Usually  crystalline  products  are 
obtained,  but  occasionally  an  oily  carbobenzoxy  peptide  results. 
This  may  be  extracted  in  turn  into  ethyl  acetate  and  then  dilute 
bicarbonate,  which  on  acidification  and  cooling  usually  yields  a 
crystalline  product. 

Saponification  of  carbobenzoxy  peptide  esters  possessing  free 
acidic  groups  (e.g.,  carbobenzoxy-L-glutamyl-L-methionine  methyl 
ester,  carbobenzoxyglycyl-L-tyrosine  ethyl  ester)  will  require  an 
additional  mole  of  alkali.  These  reactions  may  often  be  carried 
out  in  HoO,  since  the  ester  becomes  soluble  in  this  solvent  on 
addition  of  the  base.  The  details  of  the  saponification  of  carbo- 
benzoxy-L-methionylglycylglycine  ethyl  ester  follow. 

Preparation  of  carbobenzoxy-L-methionylglycylglycine  (8). — Two  and  a 
half  g  of  carbobenzoxy-L-methionylglycylglycine  ethyl  ester  is  dissolved  in 
50  ml  of  warm  methanol  and  treated  with  6  ml  of  N  NaOH.  Saponification  is 
complete  in  20-30  min,  and  the  solution  is  neutralized  with  6  ml  of  N  HC1. 
After  concentration  in  vacuo  to  a  volume  of  1-2  ml,  crystallization  is  in¬ 
duced  by  cooling.  The  product  is  recrystallized  from  ethanol-H20.  Yield 
is  2.0  g,  mp  137-138°. 


5.  Conversion  of  carbobenzoxy  peptide  ester  to  products  other 
than  the  corresponding  carboxylic  acid.— The  carbobenzoxy  pep¬ 
tide  esters  may  be  treated  with  hydrazine  or  ammonia  to  give  the 
corresponding  hydrazides  or  amides.  By  conversion  of  the  carbo¬ 
benzoxy  peptide  hydrazide  to  the  azide,  one  is  able  to  lengthen  the 
peptide  chain  by  means  of  further  coupling  reactions.  The  carbo¬ 
benzoxy  peptide  amides  have  proved  useful  when  studies  on  the 
specificity  of  proteolytic  enzymes  have  required  substrates  in  which 
the  terminal  carboxyl  group  of  the  peptide  chain  is  blocked.  An 
example  of  the  2d  type  of  reaction  follows. 


Preparation  of  carbobenzoxy-L-methionyl-L-methionine  amide  (8 ). — One 
&  of  carbobenzoxy-L-methionyl-L-methionine  methyl  ester  is  added  to 
75  ^  of  methanol  previously  saturated  with  dry  ammonia  at  0°.  The  flask 
is  allowed  to  stand  at  room  temperature  for  60  hr.  On  removal  of  the 
excess  ammonia  under  reduced  pressure,  the  compound  crystallizes.  After 
recrystalhzauon  from  hot  90%  ethanol,  the  amide  melts  at  196°.  Yield 


6.  Hydrogenolysts  of  the  carbobenzoxy  group.-The  final  step  in 
>e  carbobenzoxy  method  is  removal  of  the  acyl  substituent  by 
catalytic  hydrogenolysis  with  palladium  black  or  related  cata- 
>sts  at  pressures  slightly  above  1  atm  (cf.  equation  9).  The  hydro- 
genolysis  may  be  conducted  in  any  of  a  variety  of  apparatus 
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available  commercially  or  which  may  be  assembled  in  the  lab¬ 
oratory.  Provision  must  be  made  for  passing  a  stream  of  dry  hy¬ 
drogen  through  the  system,  and  one  must  be  able  to  determine 
at  intervals  whether  COo  is  still  being  evolved. 

This  operation  represents  the  most  important  feature  of  the 
Bergmann-Zervas  method,  since  the  conditions  are  so  mild  as  to 
preclude  the  scission  of  peptide  bonds.  Another  attribute  of  the 
carbobenzoxy  method  is  the  fact  that,  following  hydrogenolysis 
of  a  carbobenzoxy  peptide,  the  solution  contains  only  the  free  pep¬ 
tide  and  toluene.  The  catalyst  is  then  removed  by  filtration,  and 
the  solvent  (usually  methanol  plus  a  few  drops  of  glacial  acetic 
acid)  and  toluene  may  be  completely  removed  by  evaporation  at 
reduced  pressure.  If,  during  hydrogenolysis  of  a  carbobenzoxy 
peptide  in  methanol,  the  free  peptide  separates,  the  addition  of 
HoO  before  removal  of  the  catalyst  will  usually  bring  the  peptide 
back  into  solution. 

The  hydrogenolysis  method  may  also  be  applied  to  carbobenz¬ 
oxy  peptide  esters  or  amides;  in  either  case,  however,  it  is  neces¬ 
sary  to  add  1  molar  equivalent  of  acid  to  neutralize  the  amino 
group  which  appears  during  the  reaction. 


’  Since  palladium  black  is  effective  in  removing  benzyl  groups 
attached  to  either  nitrogen  or  oxygen  atoms,  it  is  apparent  that 
a  carbobenzoxy  peptide  benzyl  ester  can  be  converted  to  the  free 


The  filtrate,  after  removal  of  the  catalyst,  is 
^  _  npntirlp  rrvstalhzes  on  the 


t,  is  concentrated  under  reduced 
the  addition  of  alcohol.  \  ield  is 
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followed  by  150-200  ml  of  5N  KOH  (until  the  solution  is  alkaline  to  litmus) . 
(This  step  is  accompanied  by  a  rapid  liberation  of  hydrogen  and  a  separation 
of  the  palladium  black.)  The  suspension  is  cooled  and  the  palladium  black 
washed  with  water  by  decantation  8-10  times.  It  is  then  transferred  to  a 
flask  and  kept  under  distilled  water. 

Other  methods  are  available  for  the  elimination  of  the  car¬ 
bobenzoxy  group  from  amino  acids  or  peptides  and  have  proved 
valuable  in  the  case  of  sulfur-containing  compounds  which  tend 
to  poison  the  palladium  black  catalyst.  Harington  and  Mead  (15) 
used  phosphonium  iodide  successfully  as  a  reducing  agent  in  the 
synthesis  of  glutathione,  and  Sifferd  and  duVigneaud  (22)  found 
that  carbobenzoxy  and  benzyl  groups  could  be  smoothly  removed 
by  treatment  with  sodium  in  liquid  ammonia. 

METHODS  OTHER  THAN  THE  CARBOBENZOXY  METHOD 

a -halogenacylhalide  method.— One  of  the  earliest  general  meth¬ 
ods  for  peptide  synthesis  was  invented  by  Fischer  and  Otto  (1 1)  and 
was  first  applied  to  the  preparation  of  glycylglycylglycine.  Chloro- 
acetylchloride  and  glycylglycine  ethyl  ester  were  coupled,  and  the 
product  was  saponified  to  yield  chloroacetylglycylglycine.  Sub¬ 
stitution  of  a  free  amino  group  for  the  chloro  residue  was  accom¬ 
plished  by  treatment  of  the  chloroacetyl  peptide  with  25%  am¬ 
monia.  Using  various  a-halogenacylhalides  for  condensation  with 
amino  acid  and  peptide  esters,  the  method  was  soon  applied  to 
the  synthesis  of  a  large  number  of  peptides.  The  principal  dis¬ 
advantage  of  the  method  is  that  it  cannot  readily  be  applied  to 
amino  acids  with  reactive  side  chains  (e.g.,  arginine,  cysteine).  In 
addition,  it  requires  preparation  of  the  appropriate  a-halogena¬ 
cylhalides  in  optically  active  form,  and  this  is  frequently  a  tedious 
operation.  Despite  these  limitations,  optically  active  peptides  were 
prepared  by  Fischer  and  Abderhalden  and  were  subsequently  used 
for  study  of  the  specificity  of  proteolytic  enzymes. 

Other  disadvantages  of  the  method  are  the  side  reactions  which 
occur  during  conversion  of  some  of  the  N-(halogenacyl)  amino 
acids  and  peptides  to  the  corresponding  acid  chlorides  and  in 
animation  of  some  of  the  a-halogen  compounds.  Finally,  a  com¬ 
parison  of  the  optical  purity  of  many  peptides  prepared  by  the 
halogenacylhalide  method  and  by  the  carbobenzoxy  method  leaves 
no  doubt  as  to  the  superiority  of  the  latter.  The  Fischer  method 

may  be  applied  with  advantage,  however,  to  synthesis  of  glycvl 
peptides.  s  7  7 

Azlactone  method—  Mohr  and  Strohschein  (20)  in  1909  demon¬ 
strated  that,  m  place  of  acyl  amino  acid  chlorides  or  azides,  it  was 
possible  to  use  the  azlactones  of  benzoyl  amino  acids  for  coupling 
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with  the  free  amino  group  of  an  amino  acid  (or  amino  acid  ester). 
Wider  application  of  this  method  did  not  develop  until  1926, 
when  Bergmann  and  his  collaborators  (3,  4,  7)  reported  elegant 
procedures  for  synthesis  of  phenylalanine  and  tyrosine  peptides. 
In  their  work  use  was  made  of  the  azlactones  of  a-acetamino-p- 
coumaric  acid  and  of  a-acetaminocinnamic  acid.  For  example,  it 
was  possible  to  synthesize  L-phenylalanyl-L-glutamic  acid  and 
D-phenylalanyl-L-glutamic  acid  (4)  by  the  following  scheme: 


C,H,CH  =  C  -  C=0 


N 


O 

/ 


c 

CH, 


COOH 
+  CH, 

CH, 

H,NCHCOOH 


CeH- 

CH 


COOH 

CH, 

ch2 


C.H3CONHCCONHCHCOOH 
catalytic  hydrogenation 


f 


C«H, 

CH2 


COOH 

CH2 
CH, 


mild 


hydrolysis 


C9H5 

CH, 


COOH 

CH, 

CH, 


CH3CONHCHCONHCHCOOH 
acetyl-L-phenylalanyl- 
L-glutamic  acid 

acetvl-D-phenylalanyl- 
L-glutamic  acid 


H2NCHCONHCHCOOH 

L-phenylalanyl- 

L-glutamic  acid 

D-phenylalanyl- 
L-glutamic  acid 


It  may  be  seen  from  this  series  of  reactions  that  hydrogenation  of 
the  acetyldehydropeptide  gives  rise  to  2  diastereoisomers.  In  the 
case  cited,  the  isomers  are  easily  separated,  but  this  is  not  generally 
true.  Other  disadvantages  of  the  azlactone  method  are  the  tend¬ 
ency  toward  diketopiperazine  formation  during  the  mild  acid 
hydrolysis  of  the  acyl  peptide  and  the  difficulty  of  obtaining  pure 
azlactones  of  many  of  the  saturated  acyl  amino  acids. 

Phthalyl  method.- Kidd  and  King  (19)  have  described  a  method 
for  synthesis  of  L-glutamic  acid  peptides  in  which  the  amino 
group  of  L-glutamic  acid  is  protected  by  formation  of  the  phthalyl 
derivative.  For  coupling  with  another  amino  acid  or  peptide,  the 
phthalyl-L-glutamic  acid  is  converted  to  the  corresponding  an¬ 
hydride.  The  phthalyl  group  is  removed  by  an  adaptation  of  the 
hydrazine  method  of  Ing  and  Manske  (18).  A  somewhat  similar 
method  of  peptide  synthesis  has  been  applied  to  the  preparation 
of  peptidesPof  glycine  and  DL-phenylalanine  by  Sheehan  and 
Frank  (21)  Although  the  method  appears  to  be  promising,  lurtl 
judgment  must  be'reserved  until  it  has  been  proved  satisfacto  y 
for  the  synthesis  of  peptides  from  a  greater  variety  of  optic<  y 

active  amino  acids. 
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In  addition  to  these  methods,  a  number  of  other  procedures  for 
the  synthesis  of  peptides  has  been  described  in  the  literature.  An 
account  of  these  may  be  found  in  a  recent  review  (13). 
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Proteolytic  Enzymes  in  Study  of  Protein  Structure 

EMIL  L.  SMITH,*  University  of  Utah 


It  has  long  been  the  hope  of  protein  chemistry  that  the  avail¬ 
ability  of  highly  purified  and  crystalline  proteolytic  enzymes  would 
permit  their  utilization  as  specific  reagents  in  the  investigation 
of  protein  structure.  Northrop  and  his  co-workers  (26)f  and  others 
have  made  available  a  number  of  crystalline  proteolytic  enzymes. 
However,  their  range  of  action  may  be  quite  diversified  and  the 
finding  of  enzymatic  reagents  which  will  attack  only  1  or  few  types 
of  peptide  linkages  may  not  be  possible.  Nevertheless,  these  en¬ 
zymes  can  be  of  considerable  aid  in  the  study  of  proteins  and  pep¬ 
tides  but  must  be  used  with  many  other  methods  and  can  be 
employed  only  in  certain  types  of  problems.  This  discussion  is 
limited  to  general  contributions  to  an  understanding  of  protein 
structure  which  have  come  from  utilization  of  these  enzymes  and 
specific  examples  of  their  use. 

Specificity  of  proteolytic  enzymes.- There  is  no  completely  satis¬ 
factory  method  of  classification.  The  gross  differentiation  between 
endopeptidases  (proteinases)  and  exopeptidases  (peptidases)  is 
generally  accepted  (2,  9).  The  endopeptidases  can  act  on  proteins 
and  simpler  peptides  or  their  derivatives  which  do  not  necessarily 
possess  free  terminal  amino  or  carboxyl  groups  or  which  contain 
polar  groups  other  than  a  in  relation  to  the  sensitive  peptide 
bonds.  The  exopeptidases  act  only  on  simple  compounds  whici 
contain  1  or  more  free  terminal  polar  groups,  such  as  a-amino  or 
a-carboxyl  or  both;  these  enzymes  apparently  cannot  act  on  pro¬ 
teins  The  classification  of  the  exopeptidases  as  aminopeptidases, 
carboxypeptidases  and  dipeptidases  identifies  the  necessary  polai 

groupings  in  the  substrates  of  these  enzymes. 

No  satisfactory  delineation  of  the  proteinases  can  be  made  at 
orient  Knowledge  of  specificity  toward  synthetic  substrates  is 
incomplete  and  there  is  considerable  overlapping  m  the  sense  tha 
a  proteinase  like  pepsin  can  hydrolyze  some  of  the  substrates 

-^^TThe  work  by  the  author  and  his  collaborators  cited  here  was  aided 
by  grants  from  the  U.S.  Public  Health  Serv.ce  Mlecttd  bccaus€  of 

JZfSJvmj’t Se"" Thb  waTione  in  the  interest  of  economy  of 
space. 
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attacked  by  carboxypeptidase,  e.g.,  carbobenzoxy-L-glutamyl-L- 
tvrosine  (4,  9).  Classification  on  the  basis  of  pH  optima  .throws 
together  enzymes  of  quite  different  specificity  and  activation  be¬ 
havior  (9).  ,  ,  .  f 

Many  of  the  proteases  can  be  differentiated  on  the  basis  of 

activation  behavior.  Certain  enzymes,  like  pepsin,  trypsin  and 
chymotrypsin,  are  not  known  to  contain  any  non-amino  acid  pros¬ 
thetic  groups.  Others,  like  papain,  various  plant  proteinases  and 
certain  cathepsins,  require  activation  by  such  reducing  agents  as 
cysteine  and  ascorbic  acid.  A  3d  group,  which  includes  many  of  the 
exopeptidases  of  animal  and  plant  tissues,  has  been  shown  to  be 
true  metalloproteins  (35).  Classification  and  differentiation  of  the 
proteases  is  aided  by  use  of  both  substrate  specificity  and  activation 
behavior.  All  of  the  well  known  enzymes  of  the  gastrointestinal 
tract  have  their  counterparts,  as  judged  by  substrate  specificity, 
in  the  series  of  intracellular  enzymes  (cathepsins)  (4),  yet  the 
activation  behavior  of  the  2  groups  is  quite  dissimilar. 

The  proteolytic  enzymes  may  possess  a  considerable  specificity 
toward  synthetic  substrates.  Table  1  lists  some  of  the  synthetic  sub- 


TABLE  1.— Synthetic  Substrates  for  Proteinases* 


Proteinase 

Pepsin 


T  rypsin 

Chymotrypsin 

Papain 

(  +  cysteine) 


Substrate 

glycyl-L-glutamyl  |  -L-tyrosine 
carbobenzoxy-L-glutamyl  |  -L-tyrosine 
carbobenzoxy-L-cvsteyl  |  -L-tyrosine 
benzoylglycyl-L-lysine  |  amide 
benzoyl-L-arginine  ]  amide 
benzoyl-L-tyrosyl  |  glycinamide 
glycyl-L-phenylalanine  |  amide 
benzoylglycine  |  amide 
benzoyl-L-arginine  |  amide 


*Data  taken  mainly  from  Bergmann  and  Fruton  (4).  Hydrolysis  of  carbobenzoxy-L- 
cysteyl-L-tyrosine  was  observed  by  Harington  and  Pitt  Rivers  (16).  The  vertical  rule  indi¬ 
cates  the  point  of  cleavage. 


strates  for  certain  proteinases.  Obviously,  they  may  not  be  the  only 
types  of  substrates  on  which  these  enzymes  can  act,  but  there  is 
little  doubt  of  the  essential  differences  in  the  type  of  action  mani¬ 
fested  by  such  enzymes  as  trypsin  and  chymotrypsin.  Trypsin  acts 
only  on  compounds  which  contain  the  free  guanido  group  of 
arginine  or  2-amino  group  of  lysine  and  not  on  the  analogous 
histidine  compounds.  Chymotrypsin  does  not  act  on  these  com¬ 
pounds  but  has  a  rapid  action  on  certain  peptides  and  peptide 
derivatives  which  contain  phenylalanine  or  tyrosine.  This  leads  to 
the  inference  that  trypsin  and  chymotrypsin  can  act  on  linkages 
in  proteins  similar  to  those  in  the  respective  synthetic  substrates, 
although  other  types  of  action  by  these  enzymes  are  not  excluded. 
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The  extent  and  rate  of  enzymatic  hydrolysis  of  proteins  depends 
on  the  amino  acid  composition  and  sequence  as  well  as  on  the 
proteolytic  enzyme  employed.  The  older  distinction  between  pro- 
teinases  and  peptidases  is  not  completely  valid.  Proteinases  can 
liberate  free  amino  acids  from  proteins  and  act  on  many  low 
molecular  weight  peptides  and  their  derivatives.  An  interesting 
example  is  the  tetrapeptide,  L-tyrosyl-L-lysyl-L-glutamyl-L-tyro- 
sine  (30),  which  is  attacked  by  the  crystalline  enzymes,  carboxy- 
peptidase,  pepsin,  trypsin  and  chymotrypsin,  with  some  overlap¬ 
ping  in  the  particular  bonds  which  are  hydrolyzed. 

Ideally,  for  the  study  of  peptide  and  protein  structure,  it 
would  be  useful  to  have  enzymes  which  attack  very  limited  types 
of  peptide  bonds.  Unfortunately,  many  of  the  actions  show  a 
relative  specificity  in  that  bonds  containing  different  amino  acids 
may  be  attacked  but  the  rates  may  vary  widely.  Table  2  shows 


TABLE  2.— Specificity  of  Crystalline  Pancreatic  Carboxypeptidase* 


Substrate 

Carbobenzoxyglycyl-L-phenylalanine 

Carbobenzoxyglycyl-L- tyrosine 

Carbobenzoxyglycyl-L-leucine 

Carbobenzoxyglycyl-L-isoleucine 

Carbobenzoxyglycyl-L-alanine 

Carbobenzoxyglycylaminoisobutyric  acid 

Carbobenzoxyglycylglycine 

Carbobenzoxyglycyl-L- tryptophanej 
Carbobenzoxy-L-tryptophyl-L-alanmeJ 
Carbobenzoxy-L-tryptophylglycine$ 
Carbobenzoxy-L-tryptophyl-L-prolinef 


13.0 

6.2 

2.6 

0.54 

0.038 

0.013 

0.0024 

4.7 

0.12 

0.0068 

0.0025 


concentration.  ,  .  .  .... 

:{  Hydrolyzed  following  zero  order  kinetics  (34). 


data  obtained  with  the  crystalline  carboxypeptidase  of  bovine 
pancreas.  The  acylated  dipeptides  are  all  split,  but  those  having 
a  terminal  aromatic  amino  acid  residue,  phenyla  amne,  tyrosine 
or  tryptophane,  are  the  most  sensitive.  Nevertheless,  even  those 
with  Ythe  longer  chain  aliphatic  residues,  leucine  and  isoleucine, 
are  rapidly  hydrolyzed.  Thus,  although  the  relative  rates  may  differ 
by  a  factor  of  many  thousand  fold,  the  same  enzyme  is  undoubtedly 
responsible  for  all  of  these  actions.  The  absolute  speofici  y  fa  to 

^b“t^ **  nature 
chain.  The  rate,  nowevci,  is  r  used  to 

of  the  terminal  amino  acid  residue.  1  Ins  enzyme 
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demonstrate  that  glycine  is  the  residue  which  bears  the  terminal 
free  carboxyl  group  in  the  tripeptide,  glutathione.  Hydrolysis  of 
glutathione  by  carboxypeptidase  yields  y-glutamyl  cysteine  and 
glycine  (13).  The  enzyme  cannot  hydrolyze  the  y-glutamyl  peptide 
bond  of  the  dipeptide. 

Formerly,  leucine  aminopeptidase  was  believed  to  be  specific 
toward  peptides  or  amides  where  leucine  carried  the  free  amino 
group.  It  is  now  clear  that  it  can  split  other  types  of  linkages,  but 
the  rates  vary  considerably  (38).  Table  3  shows  the  relative  speci- 


TABLE  3.— Specificity  of 

Substrate 

L-Leucinamide 

DL-Nor-leucinamide 

DL-Nor-valinamide 

DL-a-Amino-n-butvrylarnide 

L-Alaninamide 

Glycinamide 

L-Leucylglycine 

L-Leucyl-/3-alanine 

L-Leucyl-L-alanine 

L-Leucyl-D-alanine 

D-Leucinamide 


*Data  compiled  from  several  sources  (14, 
preparation  from  hog-  intestinal  mucosa. 


Leucine  Aminopeptidase* 

Relative  Activity 
100 
100 
80 
44 

6.3 
0.34 

140 

95 

100 

4.4 

<0.03 

37,  38).  Values  are  for  a  highly  purified 


ficities  of  a  highly  purified  leucine  aminopeptidase  toward  a  com¬ 
parable  series  of  aliphatic  amino  acid  amides  and  a  number  of 
peptides.  Again,  the  rates  differ  considerably  but  all  compounds 
are  split.  It  is  not  known  whether  this  enzyme  can  attack  com¬ 
pounds  in  which  the  free  amino  group  is  carried  by  an  aromatic 
amino  acid. 

Most  proteolytic  enzymes  are  almost  absolutely  specific  in  their 
requirement  that  the  amino  group  be  alpha  and,  if  optically 
active,  of  the  L  configuration  (8).  However,  although  leucine 
aminopeptidase  shows  an  absolute  specificity  toward  the  residue 
bearing  the  free  amino  group,  there  is  little  specificity  toward  the 
residue  bearing  the  peptide  nitrogen:  L-leucyl-/?-alanine  (14)  is 
hydrolyzed  at  about  the  same  rate  as  L-leucylglycine  and  L-leucyl- 
L-alanine,  whereas  L-leucyl-D-alanine  is  hydrolyzed  at  about  4% 
of  the  rate  of  its  diastereoisomer  (38). 

Carnosine,  /3-alanyl-L-histidine,  is  split  by  an  enzyme  found  in 
kidney  and  other  tissues  (15).  The  older  concept  that  proteases 
attack  only  peptides  containing  a-amino  groups  obviously  requires 
some  modification  (14).  Likewise,  certain  animal  tissues  contain 
enzymes  which  hydrolyze  peptides  containing  D-amino  acids  (31). 
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Enzymes  of  sufficient  purity  to  be  used  for  studies  on  compounds 
of  unknown  structure  are  not  available. 

I  he  aminoexotripeptidase  of  thymus  has  a  wide  range  of  speci¬ 
ficities  toward  tripeptides  but  little  or  no  action  on  dipeptides  or 
tetrapeptides  (11).  (This  enzyme,  of  wide  distribution,  has  been 
called  “aminopeptidase.”)  Hydrolysis  takes  place  at  the  bond  ad¬ 
jacent  to  the  free  amino  group.  The  requirements  for  the  free 
a-amino  and  a-carboxyl  groups  are  absolute,  but  the  enzyme  shows 
little  preference  for  the  kinds  of  aliphatic  amino  acids  which  are 
present.  Peptides  containing  aromatic  amino  acids  have  not  been 
studied.  Some  pertinent  data  are  shown  in  Table  4. 

TABLE  4.—  Specificity  of  Lymphopeptidase  (Aminoexotripeptidase)* 


Substrate 

C 

Diglycylglycine 

41 

Glycylgl)cylsarcosine 

27 

Glycylglycyl-L-prolinc 

29 

L-Alanylglycylglycine 

43 

L-Leucylglvcylglycine 

•16 

Glycyl-L-leucylglycine 

40 

Glycylglycyl-L-leucine 

16.5 

Glycylglycine 

0 

Glycylglycyl-L-leucylglycine 

0.8 

•From  Fruton  et  al.  (11)  for  action  of  the  enzyme  from  calf  thymus.  Rates  of  hydrolysis 
are  given  in  terms  of  zero  order  of  velocity  constants/mg  of  protein  nitrogen/ml. 

The  3  peptidases  mentioned  may  be  used  for  structural  studies 
with  certain  limitations.  Thus,  the  tripeptidase  will  always  liberate 
the  amino  acid  bearing  the  free  amino  group.  Separation  and 
identification  of  the  acid  should  give  unequivocal  information. 
Carboxypeptidase  will  always  hydrolyze  the  peptide  bond  ad¬ 
jacent  to  the  free  carboxyl  group  and  will  probably  continue  this 
action  on  polypeptides  by  successive  hydrolysis  of  single  bonds 
down  to  the  dipeptide  stage,  where  the  action  will  cease  since 
the  enzyme  has  little  or  no  action  on  unsubstituted  dipeptides. 

The  only  known  peptidases  which  appear  to  possess  a  rather 
narrow  range  of  specificities  are  certain  dipeptidases  (35).  I  hey 
have  not  been  purified  sufficiently  to  permit  certainty  that  their 
specificities  are  as  restricted  as  present  information  suggests.  More¬ 
over,  the  crude  preparations  available  would  not  permit  then- 

utilization  for  structural  studies. 

One  additional  exopeptidase  should  be  mentioned.  Prolidase 
appears  to  be  unique  in  its  ability  to  split  peptide  bonds  involving 
the  imino  nitrogen  of  proline  and  hydroxyprolme  (3,  36).  It  has 
not  been  prepared  entirely  free  from  other  peptidase  activities. 


PROTEOLYTIC  ENZYMES  AND  PROTEIN  STRUCTURE  289 

Action  on  proteins.- There  is  little  question  that  the  main 
method  of  combination  between  amino  acids  in  proteins  is 
through  the  peptide  linkage.  One  of  the  principal  proofs  of  this 
comes  from  the  work  of  Bergmann,  Fruton  and  their  collaborators 
(2,  4).  They  showed  that  all  of  the  well  known  proteolytic  enzymes, 
e.g.,  pepsin,  trypsin,  papain,  etc.,  can  hydrolyze  the  peptide  bonds 
of  synthetic  compounds  of  known  structure  (Table  1).  Furthei- 
more,  within  experimental  error  of  the  usual  methods  the  enzy¬ 
matic  hydrolysis  of  proteins  liberates  a-carboxyl  groups  and 
a-amino  groups  in  equivalent  amounts  (43).  The  apparent  excep¬ 
tions  are  proteins,  like  gelatin,  in  which  a  large  number  of  peptide 
bonds  involve  the  imino  nitrogen  of  proline  and  hydroxyproline. 
When  preparations  rich  in  prolidase  are  used  on  tryptic  digests 
of  gelatin,  about  a  25-folcl  excess  of  carboxyl  as  compared  to  amino 
groups  appears  on  hydrolysis  (5).  This  has  provided  strong  evi¬ 
dence  that  gelatin  contains  many  peptide  bonds  in  which  the  ring 
nitrogens  of  proline  and  hydroxyproline  participate. 

Some  have  claimed  that  proteolytic  enzymes  can  act  on  diketo- 
piperazines.  However,  careful  investigations  in  many  laboratories 
(reviewed  by  Fruton  (10))  have  indicated  that  this  is  not  the  case. 
Although  the  possibility  that  diketopiperazine  linkage  exists  in 
proteins  is  not  completely  excluded,  their  occurrence  is  highly 
improbable. 

The  only  linkages  known  to  be  subject  to  proteolytic  action 
were  the  amide  or  peptide  bonds  of  amino  acids  until  Neurath 
and  his  collaborators  (20,  33,  39)  demonstrated  that  trypsin, 
chymotrypsin  and  carboxypeptidase  can  hydrolyze  ester  linkages 
in  compounds  analogous  to  the  peptide  and  amide  substrates 
(Table  5).  If  such  ester  linkages  occur  in  proteins,  they  would  be 


TABLE  5.— Comparison  of  Peptidase  and  Esterase  Action  of  Proteases* 


Enzyme  Esterase  Peptidase  or  Amidase 

Action  Action 

Carboxypeptidase  hippuryl  |  /3-phenyllactic  hippuryl  |  phenylalanine 

acid 

Trypsin  benzoyl-L-arginine  |  methyl  benzoyl-L-arginine  |  amide 

ester 

Chymotrypsin  carbobenzoxy  glycyl-L-  carbobenzoxy  glycyl-L- 

tyrosine  |  ethyl  ester  tyrosine  |  amide 

benzoyl-L-tyrosine  |  ethyl  benzoyl-L-tyrosine  I  amide 
ester 


,.*Fr°ra.  w°rk  hy  ‘he  Neurath  group  (20,  33,  39).  Note  that  esterase  actioi 
tnan  that  ot  peptidase  and  amidase. 


is  much  faster 


subject  to  the  action  of  the  proteases.  T  he  hydroxyl  groups  of 
seiine,  thieonine,  hydroxyproline  and  tyrosine  might  be  coupled 
in  ester  linkage  with  the  carboxyl  groups  of  other  amino  acids. 
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However,  it  does  not  seem  that  many  such  linkages  could  be  pres¬ 
ent  in  proteins  in  view  of  the  apparent  equivalence  of  liberated 
carboxyl  and  amino  groups  found  on  enzymatic  hydrolysis. 

Many  native  proteins,  such  as  egg  albumen,  hemoglobin,  serum 
albumin,  and  /3-lactoglobulin,  are  more  resistant  to  action  of  the 
proteases  than  the  same  proteins  after  denaturation  by  heat  or 
by  the  action  of  urea  and  other  reagents.  This  has  been  attributed 
to  the  inaccessibility  of  most  of  the  peptide  linkages  in  the  native 
globular  proteins,  whereas  in  the  denatured  protein  the  sensitive 
bonds  become  available  to  the  enzyme  through  uncoiling  of  the 
peptide  chains.  Studies  of  Haurowitz  et  nl.  (17)  are  consistent 
with  this  view.  They  observed  that  the  fibrous  proteins,  fibrinogen 
and  myosin,  are  attacked  by  trypsin  at  the  same  rate  before  and 
after  denaturation,  in  contrast  to  the  findings  with  the  globular 
proteins,  ovalbumin  and  serum  globulin. 

Keratins  are  resistant  to  the  action  of  the  proteinases.  Goddard 
and  Michaelis  (12)  found  that,  after  treatment  with  sulfhydryl 
compounds,  keratin  is  altered  so  that  pepsin  and  trypsin  can  now 
act  rather  easily.  Presumably  the  disulfide  linkages  are  ruptured, 
permitting  the  enzymes  to  act. 


TEST  FOR  PROTEIN  PROPERTIES 

The  proteinases  have  been  widely  used  to  determine  the  protein 
character  of  both  crude  and  highly  purified  substances  having 
definite  physiologic  activities.  Enzymes,  protein  hormones  and 
other  substances  have  been  digested  with  proteolytic  enzymes  to 
determine  whether  activities  are  lost  after  proteolysis.  Thus,  crys¬ 
talline  pepsin  will  digest  crystalline  trypsin  in  acid  solution  with  a 
proportionate  loss  in  tryptic  activity  as  digestion  proceeds  (26). 
Similarly,  certain  protein  hormones  of  the  anterior  pituitary  lose 
their  activities  on  digestion  with  trypsin  or  pepsin  (23). 

Proteolytic  enzymes  have  been  used  for  liberation  of  vitamins 
and  other  small  molecules  from  their  combination  with  the  pro¬ 
teins  of  the  tissues.  Incidentally,  this  has  furnished  excellent 
evidence  that  many  of  these  substances  are  bound  to  the  tissue 
proteins.  For  example,  biotin  is  strongly  bound  to  protein  in  the 
liver,  and  greatly  enhanced  yields  of  the  vitamin  may  be  obtained 

after  proteolysis  in  ground  tissue  (24). 

An  interesting  example  of  protein  hydrolysis  by  enzymes  is 
provided  by  Neuberger’s  study  of  the  carbohydrate  moiety  o  egg 
albumen  (25).  Here,  chemical  hydrolysis  of  the  protein  cannot  be 
used  since  it  would  also  cause  hydrolysis  of  the  polysaccharide. 
Neuberger  was  able  to  isolate  the  polysaccharide  after  enzymat.c 

digestion  of  the  protein. 
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Caution  is  necessary  in  the  use  of  certain  proteolytic  enzymes 
for  the  digestion  of  tissue  extracts.  Many  enzyme  inhibitors  are 
known.  In  particular,  trypsin  inhibitors  have  been  found  in  pan¬ 
creas,  soy  beans  and  other  legumes,  egg  white  and  serum  (9,  26, 
35).  Failure  of  protein  hydrolysis  may  be  due  to  the  presence  of  an 
enzyme  inhibitor  rather  than  to  the  structural  character  of  the 
protein  under  investigation. 


FRAGMENTATION  OF  PROTEINS  BY  PROTEINASES 


In  most  instances,  digestion  of  a  physiologically  active  protein 
proceeds  parallel  with  the  loss  of  biologic  properties.  However, 
partial  digestion  procedures  have  given,  in  some  cases,  fragments 
which  retain  physiologic  activity.  One  of  the  most  important 
occurs  in  preparation  of  antitoxins  for  therapeutic  use.  T  he  di¬ 
gestion  of  normal  antitoxins  by  pepsin,  trypsin  and  other  pro¬ 
teases  leads  to  production  of  molecules  which  may  be  half  the 
size  of  the  original  serum  globulins  (28).  These  digested  proteins 
are  at  least  as  active  as,  and  some  appear  to  be  more  active  than, 
the  original  substances.  By  use  of  tryptic  digestion  Northrop  (26) 
isolated  a  crystalline  diphtheria  antitoxin  from  horse  plasma. 

The  great  practical  advantages  of  the  digested  antitoxins  lie  in 
the  existence  of  a  material  with  a  greater  potency/g  and  with 
greatly  diminished  concentration  of  contaminating  serum  proteins 
likely  to  produce  antigenic  reactions  and  serum  sickness.  Most 
commercial  preparations  of  antitoxins  obtained  from  horse  blood 
now  appear  to  be  digested  preparations. 

Although  most  protein  hormones  cannot  be  degraded  by  pro- 
teinases  without  loss  of  potency,  Li  (22)  found  that  the  adreno- 
trophic  hormone  of  the  pituitary  can  be  digested  with  pepsin  to 
gi\e  active  fragments  which  are  dialyzable  and  not  precipitable 
by  trichloroacetic  acid.  The  average  length  of  the  peptide  chain 
is  about  8,  in  contrast  to  the  original  molecular  weight  of  the 
hormone,  which  is  about  20,000. 


Agren  and  Hammarsten  (1)  reported  that  an  aminopeptidase 
preparation  from  hog  stomach  mucosa  can  digest  secretin  (molec¬ 
ular  weight  about  5000)  with  the  hydrolysis  of  about  10  peptide 
onds  with  no  loss  of  hormonal  activity.  In  contrast,  peptic  and 

ryptic  lgestion  caused  complete  loss  of  activity;  carboxypeptidase 
did  not  attack  the  hormone.  ypepuaase 


stanr.'  nf  fU  S‘™y  anflotomn  (hypertensin),  a  pressor  sub- 
,  [  eml  and  PaSe  (29)  found  that  activity  of  the 

-Demin  ^  WaS  Yr0yed  by  a“  of  the  Ranine  enzvmes  tested 
pepsin,  trypsin,  chymotrypsin  and  carboxypeptidase. 
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An  interesting  use  of  trypsin  is  in  the  formation  of  chymotrypsin 
from  its  inactive  zymogen,  chymotrypsinogen.  T  he  active  enzyme 
is  formed  by  hydrolysis  of  a  number  of  internal  peptide  bonds 
without  liberation  of  free  amino  acids  or  peptides  (18,  26).  Ordi¬ 
nary  a-chymotrypsin  may  undergo  autodigestion,  leading  to  the 
formation  of  new  crystallizable  p-  and  T  chymotrypsins  (26). 


FOLIC  ACID  CONJUGATES 

Folic  acid  (pteroylglutamic  acid)  is  liberated  from  tissues  and 
from  purified  or  synthetic  folic  acid  conjugates  by  enzymes  found 
in  yeast  and  certain  animal  tissues.  These  conjugases  hydrolyze 
glutamic  acid  residues  from  the  free  carboxyl  end  of  the  con¬ 
jugates.  I  he  distribution  of  the  conjugases  is  important,  since 
organisms  which  cannot  hydrolyze  the  folic  acid  conjugates  can¬ 
not  obtain  the  folic  acid  necessary  for  growth  (19). 

Evidence  suggests  that  highly  purified  conjugase  of  chicken 
pancreas  is  a  y-glutamic  acid  carboxypeptidase  (21).  The  enzyme 
cannot  hydrolyze  compounds  like  a-glutamylglycine  or  glutathione 
but  can  split  the  terminal  glutamic  acid  residue  of  para-amino- 
benzoyl-y-glutamvlglutamic  acid,  synthetic  pteroyl  triglutamate 
and  natural  fermentation  factor. 

PARTIAL  HYDROLYSIS  OF  PROTEINS  BY  ENZYMES 

The  classic  method  of  organic  chemistry  in  determining  the 
structure  of  new  substances  is  to  treat  the  substance  with  various 
reagents  to  obtain  smaller  compounds  of  simpler  structure  for 
identification.  Likewise  with  the  proteins,  the  kind  and  quantity 
of  the  different  amino  acids  can  be  determined  by  analysis  after 
complete  hydrolysis.  However,  this  gives  no  information  concern¬ 
ing  the  sequence  of  the  amino  acids  in  the  peptide  chains.  For  this, 
the  protein  must  be  subjected  to  partial  hydrolysis  to  obtain 
homogeneous  fragments  which  may  be  studied.  Since  it  is  generally 
assumed  that  acid  or  alkaline  hydrolysis  leads  to  random  splitting 
of  the  protein,  enzymes  have  been  widely  used  for  this  purpose. 
Peptides  resistant  to  the  action  of  a  particular  enzyme  will  accu¬ 
mulate,  permitting  their  isolation  and  identification  by  chemical 
methods.  It  is  tacitly  assumed  in  such  studies  that  the  peptides 
which  are  isolated  represent  fragments  of  the  original  protein 
molecule.  That  this  may  not  be  entirely  valid  is  suggested  by  the 
knowledge  that  proteolytic  enzymes  may  also  participate  in  the 
synthesis  of  peptide  bonds,  leading  to  the  formation  of  peptides 
not  present  in  the  original  molecule  (4). 

The  older  work  on  isolation  of  peptides  from  protein  hydro  y- 
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sates  was  reviewed  in  detail  by  Felix  (7)  and  Synge  (41).  The  most 
detailed  studies  have  been  made  on  the  protamines,  particular  } 
by  Felix  and  his  collaborators.  Examples  are  the  isolation  from  a 
tryptic  hydrolysate  of  clupein  of  the  following  peptides,  a  dipep¬ 
tide  of  arginine  and  serine,  a  dipeptide  of  arginine  and  alanine,, 
arginylarginine,  arginylhydroxyproline  and  a  dipeptide  of  argi¬ 
nine  and  valine.  The  trypsin-resistant  phosphopeptide  obtained 
from  casein  digests  by  a  number  of  investigators  (7)  should  also 
be  mentioned. 

There  has  been  a  great  revival  of  interest  in  this  field  because 
of  the  development  of  simpler  and  more  rapid  methods  of  amino 
acid  and  peptide  separation  by  paper  and  other  chromatographic 
techniques.  Also,  the  development  of  a  method  by  Sanger  (32) 
for  identification  of  the  residues  bearing  the  free  amino  groups  in 
peptides  and  proteins  has  encouraged  more  detailed  studies  of 
partial  hydrolysates.  The  peptides  obtained  after  proteolysis  of 
insulin  and  other  proteins  are  being  actively  studied  in  a  number 
of  laboratories.  It  is  premature  to  review  much  of  this  work. 

Although  this  work  was  concerned  with  extensive  degradation 
of  the  protein  molecule,  in  other  studies  attempts  have  been  made 
to  remove  only  1  or  few  amino  acids  at  a  time.  An  example  of  this 
is  the  work  of  Waldschmidt-Leitz  et  al.  (44)  on  the  protamines. 
From  the  action  of  protaminase  on  clupein  and  salmine  it  was 
concluded  that  arginine  is  the  terminal  amino  acid  which  bears 
the  free  carboxyl  group  in  these  substances. 

Tiselius  and  Eriksson-Quensel  (42)  studied  the  action  of  pepsin 
on  crystalline  egg  albumen  in  an  attempt  to  obtain  only  partial 
digestion  of  the  protein.  However,  using  electrophoresis,  sedimen¬ 
tation  and  diffusion  methods,  they  observed  what  appears  to  be 
an  all-or-none  phenomenon.  From  the  digestion  mixtures  they 
could  recover  only  acid-denatured  egg  albumen  of  the  original 
size  and  inhomogeneous  fragments  with  average  molecular  weight 
about  1000.  No  significant  quantity  of  products  of  intermediate 
size  could  be  detected. 

A  successful  study  of  this  type  has  been  reported  which  involves 
only  a  small  modification  in  the  original  protein  structure.  It  was 
found  that  crystalline  egg  albumen  may  be  transformed  into  a  new 
crystalhzable  protein,  plakalbumin,  by  treatment  with  an  enzyme 
rom  Bacillus  subtilis  (6).  The  new  protein  differs  from  egg 
albumen  in  crystalline  form  and  electrophoretic  mobility  (27). 
Concurrently  with  the  transformation  (6),  2  peptides  are  liberated 
into  the  culture  medium:  1  is  apparently  a  dipeptide,  the  other 
tetiapeptide.  From  the  complete  characterization  of  these  pep. 


at 
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tides,  one  can  expect  the  identification  of  a  portion  of  the  structure 
of  egg  albumen. 
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expression  of  results,  91 
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procedure,  28 
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adsorption  analysis  on  cellulose  or 
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chemical  formula,  1 16 
chromatographic  separation  from 
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135, 140 
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oxidation  method,  118 
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Shaw  method,  135 
content  in  tissue  extracts,  139 
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119 

estimation  on  tissue  extracts,  116  ff.. 
131  ff. 

biologic  methods.  136  ff. 
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extract  purification,  131  ff. 
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extract  purification  with  fullers’ 
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crystallization,  259 
microbiologic  assay,  238 
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molecular  weight  distribution  curve- 
of  peptides  from,  254,  255 


297 


298 


SUBJECT  INDEX 


partial  hydrolysis  of  proteins,  293 

proteolysis,  290 

resistance  to  proteases,  290 

Alcohol:  effect  on  pendulum  pursuit 
test,  190  f. 

Amechol,  114 

Amines,  sympathomimetic:  identifica¬ 
tion  of,  127  f. 

Amino  acids 

bioassay  on  Neurospora  mutants,  66 
crystalline  carbobenzoxy  derivatives, 
273 

cultures  for  assay,  229 
growth  measurements,  234 
DNP— 

breakdown  on  acid  hydrolysis,  261 
crystallization  methods,  259  f. 
estimation  of,  265 
fractionation,  263  ff. 
preparation  for  end-group  assay, 
259 

media  (basal)  for  assay,  230  f. 

Henderson-Snell,  231,  232 
microbiologic  assay,  224  ff.,  238  ff. 
advance  preparations,  225  ff. 
amino  acid  media,  230  f.,  232 
assay  set-up,  233 
calculations,  235 
data  sheet,  233 

dilutions  for  culture  tubes,  232 
growth  measurements,  234 
hydrolysis,  229 
inoculum,  231 
lactic  acid  bacteria  for,  226 
limitations,  224 
precautions,  236 
procedure,  233  ff. 
racks  and  covers,  228 
stock  cultures  and  media,  229 
stock  cultures— purity  of,  237 
stock  solution,  230 
supplies  and  equipment,  225  ff. 
titration  set-up,  228 
turbidimetric  measurements,  235 
for  mutant  characterization,  12 
sequence  of  terminal  peptides  of 
proteins— determination,  265 
stock  solutions,  230 
dilutions,  232  f. 
sulfide  contamination,  15 
Aminoexopeptidase  of  thymus: 

specificity,  288 
Aminopeptidase,  287 
Angiotonin:  protein  fragmentation  in, 
291 

Anticholinesterase:  terminology,  114 
Antitoxins:  fragmentation  of  proteins 
in,  291 


Arginine 

DNP— 

breakdown  on  acid  hydrolysis,  261 
crystallization,  259 
microbiologic  assay,  238 
Arterenol,  see  Nor-adrenaline 
Asparagine:  in  microbiologic  assay, 

238 

Aspartic  acid 

anhydride— preparation,  276 
DNP— 

breakdown  on  acid  hydrolysis,  261 
crystallization,  259 
microbiologic  assay,  238 
Ataxiagraph,  157 
Ataxiameter:  design,  158  ff. 

Atropine  effects  in  ACh  estimations 
on  cat’s  blood  pressure,  89 
on  frog  rectus  abdominis,  88 
on  leech  muscle,  86 
Auxanographic  method  (Beijerinck) 
bacterial  growth  response  to,  15  f. 
Neurospora  growth  response  to,  64 
Azotobacter  agilis:  mutant  isolation 
by  limiting  growth,  8 

B 

Bacillus  subtilis:  nutritional  mutants 
—random  isolation,  6 
Bacteria,  see  also  Mutants,  and  specific 
organisms 
lactic  acid 

ACh  isolation  from,  93  f. 
for  amino  acid  assay,  226, 238  ff. 
Bacteriophage-resistant  mutants 
isolation,  23  f. 

measurement  of  spontaneous  muta¬ 
tion  rates,  29 

Benzoylcholine:  indicator  of  pseudo¬ 
cholinesterase,  111 

Bicycle  ergometry:  apparatus  and 
techniques,  144  ff. 

Biotin 

in  aspartic  acid  assay,  238 
in  liver— proteolysis  for,  290 

Blood 

in  ACh  biologic  estimation,  78 
hemoglobin  and  serum  albumin  ie- 
sistance  to  proteases,  290 
plasma 

adrenaline  estimation  on,  11/ 
“esterase-free,”  114 
Blood  pressure 
cat’s 

in  ACh  estimation,  88  ff. 
in  adrenaline  estimation,  136,  13» 
Brain  tissue:  in  ACh  synthesis,  95  f. 
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c 

Camphor:  yeast  mutation  by,  48 
Carbobenzoxychloride:  preparation, 
274 

Carbobenzoxyglycylchloride:  prepara¬ 
tion,  276 

Carnosine:  specificity,  287 
Charcoal  adsorption  column,  220 
for  alanine  assay,  238 
Chemicals,  mutagenic  action 
bacterial  test  for,  34 
Neurospora  test  for,  64 
Choline  acetylase,  95,  96 
activity— expression  of,  104,  110 
occurrence  in  tissues,  98 
Choline  effects  in  ACh  estimations 
on  cat’s  blood  pressure,  89 
on  frog  rectus  abdominis,  88 
on  leech  muscle,  86 
Cholinergic:  meaning,  76 
Cholinesterase 
estimation,  107  ff. 
methods,  107 

by  Warburg  manometric  method, 
108  ff. 

inhibitors,  111 

evaluation  of  potency,  112  ff. 
notation  for,  115 

pseudo-  and  true— methods  for  sepa¬ 
rate  estimation  of  activity,  1 1 1  f. 
Chromatography 
paper 

applications,  219 

for  separation  of  adrenaline  and 
nor-adrenaline,  133 
on  wet  silica  gel 

for  fractionation  of  DNP-amino 
acids,  256,  258 

for  fractionation  of  peptide  deriv¬ 
atives,  266  f. 

Chymotrypsin 

formation  by  peptide  hydrolysis,  292 
peptidase  and  esterase  action,  289 
synthetic  substrates,  285 
Citrulline,  in  microbiologic  assay,  238 
Co-ordination,  motor 
arm,  in  pendulum  pursuit  test,  187 
eye-hand-small  parts  dexterity,  1 95  f . 
eye  movement  (voluntary),  199  ff. 
finger  dexterity,  193  f. 
hand-tool  dexterity,  198 
mirror  drawing,  178  f. 
pursuit 
linear,  184  ff. 
pendulum  test,  187  ff. 
rotary,  180  ff. 

and  reaction  in  response  to  signals, 
169  ff.  6 

apparatus  and  procedure,  170  ff. 


simple  reaction  time,  166  ff. 
tapping  speed— test  for,  175  ff. 
Countercurrent  distribution  tech¬ 
nique,  220 

Cystathionine,  in  microbiologic  assay, 
240 

Cystine 

DNP— 

breakdown  on  acid  hydrolysis, 

261 

crystallization,  259 
microbiologic  assay,  239 
Cytology 

Neurospora  preparations  for,  57 
nutritional  mutants  in,  19  f. 

D 

Dexterity  (manual)  tests,  193  ff. 
finger,  193  f. 
hand-tool,  198 
small  parts,  195  f. 

Diisopropyl  fluorophosphonate:  chol¬ 
inesterase  inhibitor,  113 
Dinitrofluorobenzene,  see  l:2:4-Fluor- 
odinitrobenzene 

Dynamometer:  Smedley  hand,  for  grip 
tests,  154 

E 

Endopeptidases,  specificity,  284  ff. 
Enzymes 

from  Neurospora,  71 
proteolytic— in  study  of  protein 
structure,  284  ff. 
action  on  proteins,  289  ff. 
specificity  of,  284 
synthetic  substrates  for,  285 
Epinephrine,  see  Adrenaline 
Equilibrium,  static:  test  for,  157  ft., 

164 

apparatus,  158  ff. 
foot  position  and  shoes  in,  161 
influencing  factors,  160 
procedure,  160 
vision  effect  on,  162,  163 
Ergometry,  bicycle:  apparatus'and 
techniques,  144  ff. 
calibration,  150 
ergometers 

electromagnetic  brake,  146  f. 
friction  brake,  145  f. 
recording  electrodynamic  brake, 
147  f. 

foot  care  in, 149 

metabolism  and  work  rate,  in  150 

151 

procedure,  148 
Escherichia  coli 
back-mutations,  16 
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K-12 

genetic  analysis  of  sexual  cycle,  20 
L-valine  inhibition,  12 
media  for,  5 
mutants 

characterization,  11  ff. 
fermentation  types— isolation,  18 
isolation  by  limiting  growth,  8 
isolation  by  penicillin,  9 
nutritional— random  isolation,  6 
phage-resistant— isolation,  23  f. 
ultraviolet-resistant— isolation, 

24  ff. 

vitamins  for  growth  tests,  1 1 
penicillin  sensitivity,  9,  10 
temperature  for  mutant  growth,  15 
Eserine  in  ACh  estimation 
in  identification  tests,  83 
with  cat’s  blood  pressure,  89 
with  frog’s  rectus  abdominis  mus¬ 
cle,  88 

with  leech  longitudinal  muscle,  85 
solution  for,  78 

Exopeptidases,  specificity,  284  ff. 

Eye  movement 

-hand  co-ordination— dexterity  test, 
195  f. 

in  linear  pursuit  test,  183 
voluntary— quantitative  analysis,  199 

ff. 

analysis  of  records,  203 
characteristics,  202 
sensitivity  to  imposed  stresses,  204 
sleepiness— effect  on,  205 
in  truck  drivers,  205 

F 

Feet 

in  bicycle  ergometry,  149 
in  static  equilibrium  test,  161 
Fermentometers 
Durham  tube,  43 
evaluation,  45 

Einhorn  saccharimeter,  44,  45 
van  Iterson-Kluyver,  44,  45 
Warburg  manometer,  45 
Winge,  44,  45 

1 : 2 : 4 -FI uorod i n i trobenzene  in  studies 
of  protein  structure,  256  ff. 
preparation  for  end-group  assay,  257 
skin  reactions  to,  258 
Folic  acid  conjugates,  292 
Frog  muscle  in  ACh  estimations,  87  t. 
control  of  errors,  103  f. 

G 

Genetics:  nutritional  mutants  in,  20 
Glutamic  acid 

anhydride  preparation,  276 


carbobenzoxy-L-glutamic  acid  anhy¬ 
dride-preparation,  276 
DNP— 

breakdown  on  acid  hydrolysis,  261 
crystallization,  259 
microbiologic  assay,  239 
Glutamine,  determination  of,  239 
Glycine 

carbobenzoxyglycine— preparation, 
274 
DNP— 

breakdown  on  acid  hydrolysis,  261 
crystallization,  260 
microbiologic  assay,  240 
Gramicidin,  analytic  techniques  for, 
220 

Grip:  simultaneous  right-  and  left- 
hand  test  of  strength,  154  ff. 
norms  for,  156 

Gypsum  block:  for  yeast  sporulation, 
37 

H 

Heterocaryosis:  procedures,  61  f. 
Histidine 

DNP-,  crystallization,  260 
estimation  in  DNP-protein  hydroly¬ 
sate,  269 

microbiologic  assay,  240 
Homocystine,  in  microbiologic  assay, 
240 

Horse  globulin:  determination  of 
terminal  peptides,  265 
Hydroxylysine,  240 
Hydroxyproline,  240 
DNP— 

breakdown  on  acid  hydrolysis,  261 
crystallization,  260 

I 

Insulin:  identification  of  terminal 
peptides,  265 
Isoleucine 
DNP— 

breakdown  on  acid  hydrolysis,  261 
crystallization,  260 
microbiologic  assay,  240 

K 

Keratins:  resistance  to  proteinases.  290 

L 

Lactobacilli 

ACh  isolation  from,  93  f. 
for  amino  acid  assay,  226,  238  ff. 
/J-Lactoglobulin,  resistance  to  pro¬ 
teases,  290 

Leech  muscle,  in  ACh  estimation,  83  ff. 
Leucine 

aminopeptidase— specificity  of,  28/ 


SUBJECT  INDEX 


301 


DNP— 

breakdown  on  acid  hydrolysis, 

261 

crystallization,  260 
microbiologic  assay,  240 
Lysine 

di-DNP-L-,  crystallization,  260 
microbiologic  assay,  240 
N5  DNP-L- 

breakdown  on  acid  hydrolysis,  261 
crystallization,  259 

M 

Manometer,  Warburg 
in  cholinesterase  estimation,  108  ff. 
in  yeast  fermentation  analysis,  45 
Media 

for  amino  acid  assay,  230  f.,  232 
amino  acid  contaminants  in,  237 
inoculum,  229,  231 
Burkholder’s  basal,  46 
EMB,  5 

for  fermentation  mutant  isolation, 
18 

for  E.  coli 
complete,  5 
minimal,  5,  6 
Hartelius’  basal,  47 
inoculum,  for  amino  acid  assay,  229, 
231 

for  lactic  acid  bacteria,  229 
for  Neurospora,  52  f. 
amino  acid  supplements,  53 
complete,  53 
minimal,  52 
minimal  agar,  52 
minimal— pH  adjustment,  65 
nucleic  acid  supplements,  53 
supplemented,  53 
supplemented— for  special  mu¬ 
tants  65 

vitamin  supplemented,  64 
for  nutritional  mutants,  5 
for  yeast  giant  colonies,  41 
for  yeast  sporulation 
Gorodkowa  agar,  38 
Mrak’s  vegetable  agar,  38 
Pilsner  wort,  37 

presporulation  (Lindegren),  38 
vegetable  wedges,  38 
V-8  agar,  38 

Metabolism  and  work  rate  in  bicycle 
ergometry,  150,  151 
Methionine 

carbobenzoxy-L-methionine  azide- 
preparation,  276 

carbobenzoxy-L-methionine  hydra- 
zide— preparation,  276 


carbobenzoxy-L-methionine  methyl 
ester— preparation,  275 
carbobenzoxy-L-methionine  methyl 
ester  HC1— preparation,  274 
carbobenzoxy-L-methionylglycylgly- 
cine  ethyl  ester  —  preparation, 
278 

carbobenzoxy-L-methionylglycylgly- 
cine— preparation,  279 
carbobenzoxy-L-methionyl-L-meth- 
ionine  amide— preparation,  279 
DNP— 

breakdown  on  acid  hydrolysis,  261 
crystallization,  260 
microbiologic  assay,  240 
sulfoxide,  for  inhibition  of  glutamic 
acid,  239 

Mirror  drawing:  apparatus  and  pro¬ 
cedure,  178  f. 

Mustard  gas:  yeast  mutation  from,  48 

Mutants,  see  also  Neurospora 
induced,  32  If. 
test  for  clumping,  35 
test  for  effect  of  mutagenic  agents 
on  detection,  35 
test  for  selective  survival,  34 
by  ultraviolet,  32  ff. 
population  studies,  23  ff. 
resistance  to  destructive  agents,  23  ff. 
to  bacteriophage,  23  f. 

“mutation  selection”  and  “adap¬ 
tation”  hypotheses,  27 
quantitative  detection  and  isola¬ 
tion,  23 

to  radiation  (ultraviolet) —isola¬ 
tion,  24  ff. 
spontaneous,  23  ff. 

ultraviolet-induced— techniques,  32 
ff. 

end-point,  32,  33 
zero-point,  32,  33 

Mutants,  biochemical  (nutritional)  , 

5  ff. 

applications,  19  ff. 
characterization,  11  ff. 
amino  acids  for,  13 
negative  results— interpretation,  14 
single-additions  method,  11  ff. 
vitamin  requirements,  11 
fermentation  types-isolation,  18  f. 
EMB  agar  for,  18 
tetrazolium  for,  19 
isolation 

by  delayed  enrichment,  7 
witli  penicillin,  8  ff. 
marginal  or  limiting  enrichment,  7  f. 
ranuom  isolation— procedure,  6 
reverse  mutation,  16 
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